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PREFACE TO THE SECOND EDITION 

The de\elopments in nudear ph><acs wJuch were announced to the n-odd 
Mith dramatic suddenness m August 1945 are of great importance m the 
field of radjolog} and ha\e made a second tdioon of Radiology Rhynes desir- 
able In carr)an 2 : out the rexision, the author has added new work m atomic 
phjsics and at the same time has taken the opportuni^ to overhaul the whole 
book, rearranging the order and amphf}ing where necessary. The elementary 
character of the hook has been maintained, for it is essentially an introduction 
to a \ast field whose importance in biolog} and m medicine is now fully 
recognized 

In the preparation of the mamiicnpt the author has consulted freely current 
literature on nuclear nnd atomic physics and, in particular, would like to 
express Jus indebtedness to Medical Physics, edited by Otto Glasser, and to 
Lectures in the Rhynes of Radiotherapy by M V Mayncord, complimentary 
copies of which were received from the Ontario Institute of Radiotherapy 
Acknowledgement is gladly made of helpful suggestions received in conver- 
sation with Professor Mayneord, of the Royal Cancer Hospital, London, 
and with my colleague. Dr H M Cave A number of new illustrations 
base been introduced and, for some of them or for permission to use them, 
my grateful thanks are doe Dr Matthew Luckiesh, Dr Edith Quimby, 
Professor Pierre Demers, Professor Serge A KorJf, The Victoreen Instru 
ment Company, Machlett Laboratories, Incorporated, Radiology and Dr 
J M Cork 

The author would like to tike this opportunity of expressing his apprecia- 
tion of helpful comments made by many after the original publication of 
Radiology Physics and, in particular, to thank Dr Marvin M D Williams, 
of the Mayo Foundation, Rochester, Minn 

Queens University, J. fv. R 

May. ms 



PREFACE TO THE FIRST EDITION 

With the ever increasing applications of physics m medicine the problem 
of giving the medical or the premedical student adequate instruction in ph)sics 
has become one which demands action To teach in one year the funda- 
mental pnnciples of phjsics, and at the same time to deal adequately with 
those applications with which a medical student should be familiar, is well 
nigh impossible At Queen’s University the problem has been solved and, 
on the whole, satisfactorily, by giving instruction in two successive jears In 
the first jear, the student is given the usual course m general physics, with 
the omission of elcctncitj and magnetism In the second )ear, lectures and 
laboratory work m electncit) and magnetism lead naturally to a consideration 
of such topics as x-ny transformers, x-ray tubes, conduction of eJectuoty 
through gases, radioactivity, nuclear ph)sics, and high frequency currents 
Radiology Physics covers, with some amplification, the work given by the 
author in the second half of this course 

It IS hoped that this book will prove suitable as a text for similar courses 
elsewhere, especially for those mstitutions which agree with the Committee 
on the Teaching of Physics for Premedical Students* in their opinion “ that 
the Amencan Association of Ph}Sics Teachers should go on record as in favour 
of making the physics prerequisite two years instead of one " Radiology 
Physics is also commended to all radiolomsts and radiological technicians who 
wish, not a handbook, but a simpi’e explanation ot tde priysicai’ pnncipiVs 
underlying the use of their apparatus Although a knowledge of elementarj 
electricity and magnetism is assumed, the mathematical treatment is reduced 
to a minimum 

In the preparation of the manuscript, the author has made some use of an 
earlier book on X rays and X-ray Affaratus, and his thanks are due the 
President of D Van Nostrand Company, Inc , for permission to use some of 
the material in the more recent Atomse Artillery Under each illustration 
due acknowledgment is made where necessary, but my special thanks arc due 
the ?hihps’ GloeiUmpenfahtwken, Ewidhtsstiv, HolUwd, the Ekettvt 

X-ray Corporation, Dr J G Trump of the Massachusetts Institute of 
Technolog}, and Mrs. Edith Quwnby and Dr G Failla of the Memonal 
Hospital, New York, for photographs and other material Acknowledgment 

* The Amer can Phy» cs Teacher, 5, 167 , 1937 
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IS also rmde of the kindness of Mr A C Dildwin, Mr G L. Simons, nml 
Dr J Gross, of the Gcnernl Electric Corporation, nnd Mr Victor Hicks of 
the Westinghouse X«Ra) Comptn) 

It IS a pleasure to thank mt wife for her valuable assistance throiishoiit the 
preparation of the book, and mj colleagues Dr 11 \V Sargent, as ho read 
part of the manuscript, and Dr H W Harkness, ssho read the chapters on 
high voltage With Dr Sargent the author has had man} discussions M} 
fnend and colleague Dean A L Clark has again proaaded clerical and other 
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CHAPTER I 

ALTERNATING CURRENTS 


The nim of this text is to present m a s}stemattc wa) the fundamental physical 
pnnciples iililired in the field of radology It is assumed that the reader has 
had a general course in phjsics such as is given m the first year of 1 beral arts 
or to premedicil students, but the author does not hesitate to review and to 
amplif) important parts of the elementary course For example, at the outset 
the student is asJeed to recall a few pnnciples in electricity and magnetism, that 
branch of phj sics « hose applications abound m rad ology 


1 Electromagnetism — All students are 
familiar with the fact that when a bar magnet 
IS placed beneath a sheet of paper on ivhrch iron 
filings are spnnkled, the filings arrange them- 
selves along regular lines This simple expen- 
ment indicates that in the region around the 
magnet there is a magnettc fitld of force To 
visualize this field we saj that it is traversed by 
magnetic lines of force, the actual number of 
lines being so chosen that at any particular 
place, the tritensity or strength of the magnetic 
field IS equal to the number of lines passing 
through an area of 1 sq cm , the area being at 
nght angles to the direction of the imes A 
field of unit intensit), It will be recalled, is equal 
IS called 1 oersted 



He 1 Lines of Force are 1 nked 

w th a soleno da] co I carrying a 


to 1 dyne per unit pole and 


'“These’ lines of force are closed curves which leave the north pole of the 
magnet and enter the south, constituting what is called a magnettc fiux 
through the magnet Indeed, whenever magnetic fines pass through any 
regioh,'vve speak of a magnetic flux through that region 

Elementary experiments with electric currents prove that a magnetic field 
surrounds a wire carrying a current and show that if the wire is bent into a 
solenoidal co 1, as in Fig 1, one end of the scdenoid is a north pole, the other 
a south Moreover, if the air inside the solenoid is replaced b) a core of soft 
1 



2 alternating currents 

„on th. uo« lKcon,« .trcngly magne.,«d und.r th. infl^ncc of the magn« 
field due to the ourteot and a po»erf. 1 electromagnet mr, be crerted We 
can have m.fcnet.c fields therefore subject to the control "f 
When the c.rcutt „ closed the maenette lines are said to be Imked with the 
turns of the circuit the number of i.I.je. being equal to the product of the 
total magnetic flux tunes the number of turns of the circuit with which they 
are linked When the circuit is broken the lines disappear, with a consequent 
change in the number of linkages 

2 Electromagneuc Induction —Suppose a wire Fig 2 which 
forms part of a simple closed arcuit containing a galvanometer G but no 
batter), is free to be moved between the 
poles of an electromagnet whose circuit 
IS closed If AB is moved from posi- 
C tion 1 across the lines of force to position 
II (indicated hy A B) a momentary 
current is indicated by the galvanometer 
If the wire B is moved back again, a 
momentary current in the opposite direc- 
tion is recorded In general, it is found 
that as long as the wire is moving with 
respect to the lines of force a current is 
developed Th s and manj other similar 
expenments prove that luhenever a for 

F .0 2 When ihc dS „ «»»»/ -“I 

across the magnetic field an induced magnetic lines of force an induced 
ferce IS developed m the elecltomome force {E M F ) JJ devel 
aped and tf the circuit is closed, an in- 
duced current results This is the very important principle of electromagnetic 
induction discovered m 1832 by Faraday m England and simultaneously by 
Henr} in the United States 

The pnncipk may be stated in another and possibly more useful way 
When the movable w re AB is in position I there are no lines of force linked 
with the galvanometer circuit, but when it is m position II all the lines are 
1 nked or interlocked with that artmt Frequently, then we state that an 
induced E M F is developed in a arcuit wherever there is any change in the 
number of lines linked with It If for example the wire is left in position 
A B and the ele-'tromagnet circuit (the fftmary circuit) is broken, there « a 
momentary induced current in the movable wire circuit (the secondary) 
Again, when the primary arcu t is made, a momentary induced current results 
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in the secondary In this experiment, the sccondarj circuit is not moved, but 
the magnetic lines appear on make of the pnmar}, disappear on break, and so 
on both make and break there is relative motion of lines and a portion of a 
circuit Or, stating it the other waj, on break of the primary, there is a 
decrease m the number of lines linked with the secondary, on make, an 
increase — in both a change, and hence an induced E M F is developed 
The magnitude of the mduced E M F is found by expenment to depend 
on the rate at which the lines are cut or on the rate at which the number of 
linkages is changing Large E M F may be obtained, therefore, when 
numerous clectnc conductors rapidly cut the lines of strong magnetic fields, 
or when such fields are linked and “ unlinked ’ with many turns of an electric 
circuit Thi s, in fact, is the basi c pnncipl^tilized in dynamos, in trans formers 
and in induction coils 



Tic 3 A simple arrangement to generate an alternating current 



4 AirrRVATING Cl'RRINTS 

movt up, tkp cuttiPE Imps m the opp.sitc Jirtclioi,, in,l llm <1 rccimn ol iht 
induced F M F end of llie resiiltinp current rcrcrscs At the s.imc time 
the wire CD reverses w.% dtreetton Irom up m down, '»nii in it, too, the ind««a 
EMF chinces direction It followt, therefore, thit with tint *implc 
irrangement, ior one half of a retoWn -i current i< flowing in one direction, 
for the other liilf, in the opposite 

Not onl}, howcicr, it there n rctersal of current («'r, if )ni) Mce, of poUm\ 
between the brushes li, mil B ) hut the ilrrugth of the current it contininllj 
changing This will be eiident if « « renli/cd tint when the wire AR n 
passing through its highest position and the wire CD tliroiiph ttt lowest, each 
wire IS moving parallel to the magnetic lines am! hence for a short intcrtal of 
time there is no cutting and, therefore, no induced toltige and no current 
As AB goes down (and CD up) the lines arc cut more and more quicklt until 
after one quarter of a retohitKin both AB and CD arc mnting directlj at 
right angles to the lines At this mttant, therefore, the macnetic lines are 
cut at the fastest rate and the fusgest induced voltage results I or the neat 
quarter of a revolution, the lines arc cut less and less quick!) until A B reaches 
the bottom (CD the top) and once more, for a hntf tw'mrnt, each wire k 
moving parallel to the lines, and the voltage his dropped to rero again t vi- 
dently, then, during one complete revolution, the current in the circuit will 
graduall) nse in one direction to a maximum value, ilrop until it is 7cro, front 
which It gradually climbs to a maximum in the opposite direction, again falling 
to zero If the loop is rotated at stead) speed and m a uniform magnetic 
field, the manner in which the current changes with time is represented 
graph cally m Fig 4 

A current of this t)pe is an alternaltng one (A C ) as well as finuioiAol 
Obviously a sinusoidal current is characterized h) (1) changing polant) and 
(2) gradual “smooth” changes in intensity (Sec also section 8 1 ) 

It IS well to note that while a sinusoidal current is always A C., It is possible 
to have alternating currents which arc not sinusoidal 

Two Of three important terms should be noted 

A cycle refers to the complete change from zero to a maximum in one direc- 
tion, down through zero to a maximum m the other direction and back again 
to zero In Fig 4, OA represents a cycle 

The frequency of A C is the number of cycles per second Most house- 
holders on the American continent arc supplied with AC at 1 10 volts, with 
a frequency of 60 cycles per second, althoi^h as low as 25 is sometimes used 

Neither this voltage nor this frequency could be generated with a simple 
machine of the type illustrated In the practical A C generators or dynamos 
or alternators found m power houses, the degred frequency and voltage are 
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obtained by using several sets of magnet poles, alternately north and south, 
and man) loops of wire The fimdamental principles utilized, however, are 
the same as those we have been discussing and the current supplied by such 
generators generally approximates fairly closely to the s nusoidal 

In direct current (DC) generators, it is important to realize that the 
same principles are utilized and that an alternating E M F is developed in the 
rotating loops or moving conductors Bj the use of commutator plates, this 
alternating current is rectified and direct current flows m the external circuit 

4. Strength of A C — When alternating currents are used in the 
hborator) , an A C ammeter placed in the circu t indicates a definite current 
of so many amperes Actually we know tint the current is varjmg m the 
manner represented by Fig 4, being sometimes in one direction, sometimes m 
another, with magnitude constantly changing What, then, does the instru 
ment record^ To understand the answer to that question, it is necessary to 



Fio 4 Graphical representation of a simple alternanng current 


know thit, b) agreement an alternating current has a value or strength equal 
to that of a direct current which produces the same heat in a given resistance, 
in the same time If for example, m a certain time an alternating current in 
a coil of wire develops the same heat as a direct current of 2 amperes, the 
alternating current has a strength of 2 amperes Sometimes the strength is 
said to be so many mriunl amperes, but more often the quahfjrng word 
is dropped 

The common D C ammeter of the moving coil type cannot be used to 
measure alternating current, because with such a current the coil is acted on 
by rapid impulses tending to rotate it, first in one direction, then m the opposite, 
and no mosement except a passible quivering of the pointer is obseried In a 
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hot wire instrument, however, the movement ol the pointer dcpcniU on the 
change m length and tension of a wire heated b) i current and this is inde- 
pendent of its direction Such an instrument, therefore, can be used for 
measuring both A C and D C It is, of course, not the onlj t)pc 

5 Meaning of RM S — The student will recall that the amount of 
heat developed m a conductor in a given time, depends on the square of the 
current, oi that the power dissipated in a conductor of resistance R is PR 
watts, where / is the current in amperes and R the resistance m ohms With 
this in mind it should not be difficult to see that, when alternating current is 
used, the equivalent direct current is equal to the square root of the average of 
the squares of successive values, if a complete c}clc is subdivided into a large 
number of intervals For this reason, the strength of an alternating current 
or the number of virtual amperes is sometimes referred to as the Root-Mean* 
Square or R M S value The same expression ma) he applied to a similar 
average of any quantit) vaning according to the same law as is represented 
bj Fig 4 Alternating voUmetets for example, record the RMS value of 
the alternating E M F 

With a little knowledge of calculus it is not difficult to prove that 

_ , - - , maximum value 

RMS value = = 

VI 

or =0 707 maximum valuci 

Thus, if an A C ammeter records 7 07 amperes, we know that the actual 
current changes from 0 to 1 0 amperes m each direction 

6 Inductive and Nonmductive Circuits — Suppose a cod of wire 
IS wound around an iron core, as in any ordinary clectromignet, and thnt it 
IS supplied w th direct current Bejorc the circuit is closed, the magnetic field 
IS weak or absent altogether and the number of mignetic lines linked with the 
circuit IS negl gibl} small After the circuit is closed, however, i strong mag- 
netic field exists with a corre^nd ng lai^ number of linkages Therefore, 
during the time immediately foUoumg the clonng of the circuit, there is a big 
change in the number of linkages Consequently while the change is taking 
place, an induced E M F , called an E.M F of tnductance, is developed in the 
coil of the electromagnet 

Now by Lenz’s Law mv mduced E M F is in a direction opposing the 
change which gives nse to it This E M F of inductance, therefore, i^in a 
direction opposite to the original applied voltage, and so immediatel} after the 
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dosmgof thcarcuit, the actual current htsa value given 

current = ^ ^ battery — E M T of inductance 

resistance of circuit 

or, in symljols /=— — — » whcreE =EMr of inductance 
K 

For this reason the electromagnet current does not immediately attain its 
final steady value ^given bj I somewhat as shown in Fig 5 

Ultimatclj the number of linkages becomes constant, there is no opposing 
induced E M F and the current has a constant value 
If the electromagnet circuit is broken, the lines 
of force disappear and, if the break is made quickly 
enough, a large E M F of inductance is devel- 
oped m the same direction as the original applied 
E M F Its magnitude maj be many times 
greater than that of the original E M F , so great, 
indeed, that a spark jumps the gap where the 
break is made This spark may be accompanied 
b} or followed by an arc between the separated 

metal parts of the breaking switch, an arc which „ , . . 

‘ , ... I 1 Fic / The n»e of « direct cur 

must somenmes be suppressed by the use of special „ mducave e rcuu 

circuit breakers or magnetic blow-outs 

The effect of inductance maj be illustrated m a simple manner by the use 
of an ordinary dry cell and an electromagnet (or pnmary of a transformer) 
of low resistance If the terminals of the cell are short circuited by a piece of 
copper wire and the circuit suddenly broken no more than an infinitesimal 
epark or flash is seen at the place of break If, however, the cell is connected 
in senes with the electromagnet, on break there is a bnght flash Although 
the current in the first place is actually greater than in the second, the number 
of magnetic 1 nes linked with the circuit is so small compared with the number 
in the second, that the induced E M F on break is not great enough to cause 
an appreciable spark With an electromagnet in the circuit, the number of 
linkages is increased many times and a marked spark occurs when they disap- 
pear on break 

This experiment illustrates the d fference between a nomnduetive and an 
inductive circuit In the farmer, the number of linkages per ampere is so 
small that the induced E M F on make or on break is negligible small, in the 
latter, there is a large number of bnkages per ampere with important effects 
both on make and on break of a direct current On make there is a delay m 
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the rise of the current, whereas on brcnk, nn E M F , often quite lirge, is 
developed A circuit containing an incandescent lamp is nonmducUve, one 
with an electromagnet, inductive 

A circuit has an iiuiKciaiicf^ of I henry when the number of linkages fer 
ampere ts 10^ or one hundred tntlhon * For example, if an electromagnet IS 
wrapped with 200 turns of wire and a total flu\ of 10,000 lines traverses 
Its iron core when the exciting current is 1 ampere, its inductance is 


200 X IQ.OQQ 
10 ' 


or 


— of a henrs 


7 Impedance and Inductive Reactance — When an alternating 
current flows m an inductive arcuu, the magnetic field is constantlj chancing, 
and so opposing induced EMF arc present at all times These have an 
important effect on the magnitude of the average current in the circuit Let 
us examine carefully the difference between an inductive and a noninductive 
circuit in so far as alternating currents are concerned 



Flo 6 Simple circuit for measuring resistance for D C or impedance for A C 


Suppose a lamp of resistance 440 ohms is joined m series with an ammeter, 
suitable for e then AC or D C , to supply terminals TT , as illustrated in 

Fig 6 If the supply voltage is 110 direct, the ammeter reads ^ or 0 25 

440 

ampere If the suppl) voltage is llQ alternating (that vs, an AC voltmeter 
placed across the term nals records 1 10 volts) the ammeter indicates practi 
cally the same read ng In other words. Ohm’s Law in its simple form holds 
for both AC and DC when we are dealng with a simple noninductive 
circuit 

Now replace the lamp by an electroroagaet. ot SQ -awd vw 


ductance 0 3 henry With direct current, the ammeter records — or 2 2 
amperes With alternating current, the read ng is very much less because of 


* One henry s mi 
current is chang ng 
rhe two definitions i 


often defined as Ac inductance of a circuit such that, when the 
the rate of I ampere pec second the induced EMF is 1 volt 
of course equivalent 
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oppc^in£_EJV^;,^ofjm^^ Actuallj the ammeter records about 
0 89 amperes As hr as altermting current is concerned, the electromagnet, 

therefore, his an effective resistance of ^ or ]23 6 ohms This total 

resistance to in ilternanng current is called the tmfedanee of the circuit Its 
maenitudc depends on (1) the true resistnnee, m this case 50 ohms, and (2) 
the tnduetKC rraetance, the name gisen to the cfFectjse resistance arising from 
thFinducciI E M F 

Since the magnitude of anj induced L VI F depends on the rate at which 
the number of linkages is changing, the numcncal value of the reactance 
depends both on the inductance, or the number of linkages per ampere, and 
on the frequencj of the alternating current Obviouslj the higher the fre- 
qucnc), the more raptdl) the number of linkages is chanjms It requires a 
little more mathemities thtn is at the di«posil of most medical students to 
prove that the reactance in ohms is equal to 2»fL, where / is the frequency 
and L the inductance expressed m licnnes 

For example, the rcictance of the above clectromasrnet (whose inductance 
IS 0 3 henrj) when an alternating current of 60 cycles per second is used is 
equal to 

2irX 60X 03 of 113 1 ohms 

It «j[I be noticed that, although R the true resistance of the electromagnet 
18 50 ohms and the reactance 113 1 ohms, 
the impedance is on!) 123 6 ohms, not the 
sum of these two numbers The problem 
then arises, given the resistance and the reac- 
tance, how can we calculate the impedance? 

The answer is s mple, although the proof is 
not and must be omitted from this text If 
we make a nght-angle triangle, asm Fig 7, Fic 7 Tnangle showing the mag 
and I=. .he length of one e,de repreaem R “StS'e’dTe™";?.?, 
the resistance, the other side A^jL, the reac 

tance, then the impedance is given by the length of the hypotenuse It follows 
at once that the impedance Z is given by the relation 

Z=VR' + (?.jiJLy, 

which, for the above electromagnet, gives us, 

2 = V50'-1-(1131)* 

= 123 6 ohms. 
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the rise of the current, whereas on brc-tk, nn E M b , often <iuitc large, is 
developed A circuit containing an incandescent lamp K nonmducine, one 
with an electromagnet, inductne 

A circuit has an tnductmer of 1 hettry when the number of linioges fer 
amfere ts 10’ or one hundred mtUton * Tor example, if an electromagnet is 
wrapped with 200 turns of wire and a total flux of 10,000 lines traverses 
Its iron core when the exciting current is 1 ampere, its inductance ts 


200 X 10,000 
ID' 


or 


SO 


of a henrt 


7 Impedance and Inductive Reactance — When an alternating 
current flows in an inductive circuit, the magnetic field is constantlj changing, 
and so opposing induced E M F arc present at all times T hese have an 
important effect on the magnitude of the avcranc current in the circuit Let 
us examine carefully the difference between an inductive and a nonindiictive 
circuit in so far as alternating currents are concerned 
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Simple circuit for measur ng resutance for D C , of impedsnce for A C 


Suppose a lamp of res stance 440 ohms is joined m senes with an ammeter, 
suitable for either AC or D C , to supply terminals TT , as illustrated m 

Fig 6 If the supply voltage is 110 direct the ammeter reads or 0 25 

440 

ampere If the supplj voltage is 110 altcmatmg (that is, an A C voltmeter 
placed across the terminals records 110 volts), the ammeter indicates practi- 
cally the same reading In other words. Ohm’s Law in its simple form holds 
for both A C and D C when wc are dealing with a simple noninductive 
circuit 

Now replace the lamp by an electromagnet of resistance 50 ohms and in- 
ductance 0 3 henry With direct current, the ammeter records ^ or 2 2 
amperes With alternating current, the read ng is very much less because of 


* One henrj is mi 
current s changing 
rhe two definitions e 


I often defined as the inductance of a circuit such that, when the 
the rate of 1 ampere pec second the induced E M F is 1 volt 
of course equivalent 
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opposing EM_F of in^du^nce ^ Actual!} the immeter records about 
0 89 amperes As hr as alternating current b concerned, the electroma-’net, 

therefore, has an effective resistance of or 123 6 ohms This total 

U 07 

resistance to an alternating current s called the tmfcdattce of the circuit Its 
magnitude depends on (1) the true resistance, m this case 50 ohms, and (2) 
the tnduciwe reactance^ the name given to the effective resistance ansin<» from 
the“ induced E M F 

S nee the magnitude of any induced E M F depends on the rate at wh ch 
the number of linkages is changing the numencal value of the reactance 
depends both on the inductance, or the number of linkages per ampere, ind 
on the frequency of the alternating current Obv^ousl) the higher the fre- 
quency, the more rapidl) the number of linkaires is chansin" It requires i 
little more mathematics than is at the disposal of most medical students to 
prove that the reactance m ohms is equal to 2»/L, where f is the freguenc} 
and L the inductance expressed m henries 

For example, the reactance of the above electromagnet (whose inductance 
IS 0 3 henry) when an alternating current of 60 c}cjes per second is used is 
equal to 

2irX 60X 03 of 113 1 ohms 


It will be noticed that, although R the true resistance of the electromagnet 
is 50 ohms and the reactance 113 1 ohms, ^ 

the impedance is only 123 6 ohms, not the 
sum of these two numbers The problem 
then arises, given the resistance and the reac- 
tance, how can we calculate the impedance^ 

The answer is simple, although the proof is 
not and must be omitted from this text If 
we make a nght-angic triangle, as in Tis 7, Tie 7 Tnsngle showing the mag 
a„d le. .he length nf one e,de reprea-n. R 'eXSle"?.™' ” """ 

the resistance, the other side 2*/!., the reac- 
tance, then the impedance is given b} the length of the hjpolenusc It follows 
It once that the impedance Z is given b} the relation 

Z-VR’ + (2v/iC.)*, 



which, for the above electromagnet, gives us 

z=V5(r + (ii3i)* 
= 123 6 ohms. 
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Not long ago a traveler for scientific apparatus v.'is demonstrating a new 
light designed to work on 110 A C He was mistaken!) told that the D C. 
suppl) terminals m a laboratory were A C and on plugging in the lamp, imme- 
diately found that it burned out The impedance of the limp circuit was 
much greater than its true resistance, hence when D C was used, the current 
was much higher than with A C 

Sometimes the impedance is due almost entirel) to the reactance, as in the 
case of a choke coil This desice consists of a coil of wire of low rcsistincc, 
with an iron core yhich may be withdrawn from the coil or whose position 
may be altered in such a way that the value of L the inductance gradually 
changes 

In high frequency circuits, which will be discussed m Chapter VllI, the 
value of the frequency is of the order of a million or a hundred million cycles 
per second With such circuits (and wc encounter them in radio sets) even 
a small value of L may correspond to an apprcaable or even a high reactance. 
For example, ifL= 1 microhemy,* and / = 10* cyclesperscc , the reactance 
IS 2ir or 6 28 ohms 


~® — I 


8 Capacitive Reactance — When a condenser, such as C, Fig 8, 
IS joined to an ordinary battery or to DC terminals Tl’, the condenser is 
charged, but after a momentary initial 
current, a good condenser acts as an in- 
finite resistance and an ammeter A placed 
m the circuit indicates no current When 
the condenser is joined to alternating sup- 
ply terminals, the situation is ver) differ- 
ent As the alternating current surges 
to and fro, the condenser is continuall) 
^caie?w discharged, its plates being 

alternately positive and negative, negative 
and posiuve, and so on An A C am- 
meter placed in the circuit indicates a current just as if it were m an ordinary 
hghting circuit. 

If the condenser has a capantance of 1 microfarad and the alternating supply 
K UO volts 60 cycles per second, the ammeter actually indicates a current of 
about 0 415 ampere I he condenser, therefore, is equivalent to an effective 

, no 

resistance, or reactance of or about 265 ohms This effective resist- 

•The student will scarce!) need to be lemmded that the prefix means one 

milliontn or 1 of the mam unit 


Fig 8 An ammeter 

supply and a condenser indicates 
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^llCl IN cilkti 1 cnficunr rcutauce^ to distinguish it from inductive reactance 
I lie value of the capacitive rtictince mij bt cilciihtci! from the expres 

*'<>'» 2^’ ^ **''■ capacitance of iht condenser expressed in farads * 

Taking the above microfarad condenser as an example, we find its reactance 
to be 


1 

2t m 1 X 10-* 


or 265 ohms 


If / IS extremelj high, as in diatherm} or radio circuits, the capacitive 
reactance is corre'ivond nglj small ■ — just the opposite to the reactance of an 
inductance f ir such currents Tor example, for a 100 million cjcicper second 
fretjuenc) , the reactance of a microfarad condenser is 

1 J_ 

100 X 10" X I X 10-* “ 200r 

or a small fraction of an ohm 

9 Combination of Resistance 
and Capacitance— If a nonmduc- 
tivc resistance, a tungsten lamp, for ex- 
ample, of resistance R ohms is inserted 
m senes with a condenser and the two 
are joined to A C supplj terminals, the 
impedance of the combination is again found bj the use of a nght angle tr 
angle As illustrated in Fi^ 9, if one side of the tnangle represents R, and 

the other, the capacitive reactance — ^ — i the hjpotenuse represents the 
2ir/C 

impedance, or, using a formula, the impedance Z of a combination of a non- 
inductive resistance and a condenser is given bp 

10 Resistance, Capacitance, and Inductance — When the alter 

nssmg r.i/ruii AorJudes jtustance^ capacitance^ and inductance, the impedance 
of the circuit IS given by 

Z = ^R- + {2,/L-^y 

• The student will recall l! at when the potential d fference between the plates of a con 
denser of capacitance 1 fara I s equal to 1 solt the diargc on e ther i late s 1 coulo nb 


A t 



Fic 9 Tnangle showing the magnitude 
of impedance due to resistance and 
capacitive reactance 
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It will be noted that, since m this expression we suhtnct the two reactances, 
the impedance may again be found by the use of a right-angle triangle As 
before one side represents the value of R, but the length of the other side is 
now ec^ual to the di^erence between the indueme md the capacitive react- 
ances In the special case where the two reactances arc exact!) equal, the) 
cancel one another and the total impedance reduces to If ^ is small, large 

currents may be obtained with small alternating E M F Wc are then deal- 
ing with a resonating circuit about which more will be given in Chapter VIII 

11. Phase Difference — The student will recall that when a direct 
current of 1 amperes flows under a potential difference of V solts, the power 
supplied IS VI watts It might be expected that the same expression could be 
applied when alternating CMTTcnts are used This, howeser, is hj no means 
always correct The power is always fr 0 forUonal to the product of V, the 
voltage recorded by an A C voltmeter, times /, the amperage on the A C 



Fro 10 Graph to illuscrate the meaning of phase angle. 


ammeter, but it is not alwa)s to this product To understand why this 
IS so, it IS necessary to explain the meaning of phase 

In a sinusoidal curve, such as we have shown in Fig 4 and again in Fig 10, 
the magnitude at an) instant of the changing current (or any other changing 
variable that the curve represents) can be calculated from the law 7 = sm B, 
where 

7 ~ the magnitude of the current at any instant, 

Im ~ Its maximum value, 

^ angle whose value steadily increases with the time and 

changes in one qrde by 360® 

Suppose, for example, that an alternating current has a maximum value of 
10 amperes Then, to obtain the exact shape of the curve which shows how 
Its magnitude changes dunng one cjde, all that is necessary is to calculate the 
values of 10 sin 0°. 10 sm 30®, 10 sm 60®, etc , and to plot these values against 
the corresponding angles Figure 10 illustrates the plot obtained m such a 
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manner, making use nf the nnmiwis j.t\cn m 1 ille I Values of 0 are taken 
ever) 30° for conaenience, but a snll more accurate curve would be obtained 
bj taking angles closer together Since sine jilucs repeat every 360°, the 
curve between 360° and 720°, or 720° and J080°, etc, wiJJ be the exact 
duplicate of that between 0° and 360°. 


Table 1 


9 

$n 0 

10 s n 0 

0 ° 

0 00 

0 

30 “ 

0 500 

5 00 

60 “ 

0 866 

8 66 


1 00 

10 00 

! 20 “ 

0 866 

8 66 

1 $ 0 “ 

0 500 

00 

180 ’ 

0 00 

0 00 

210 * 

-0 <00 

-5 00 

2 - 40 * 

-0 866 

-8 66 

2 “ 0 “ 

-1 00 

-10 00 

300 ’ 

-0 866 

-8 66 

330 ’ 

-0 500 

-5 00 

360 ’ 

0 00 

0 00 


Now tt should be evident that an exact method of descnbmg the particular 
stage of the cjcle which the current (or other vanaWe) has reached at any 
instant is to give the rnagnitude of the corresponding angle, or what is called 
the -phase angle Thus at a certain instant when there is a positive current of 
magnitude AB, Fig 10, the phase angle is 30°, or when the current has a 
negative value CD, the phase angle is 270° 

Often we are concerned with the phase difference between two different 
alternating currents at the same instant, or between the phase angle of the 
alternating voltage and the corresponding current It might be thought that 
at any instant the phase angle of the current would be exactly the same as that 
of the \oltage, but, altbougb that is true in some arcuits, it is by no means 
alway s so It is possible, for example, to have the state of affairs represented 
m Fig 11, where the full I ne represents the vanation in voltage, the dotted 
line, the corresponding variation in current It will be noted that when the 
loJtage has a maximum value, the value of the current ss zero In this case, 
there is a phase difference of 90°, the current lagging behind the voltage by 
that amount 

Such a phase difference actually exists when we are dealing with an induct- 
ance of negligible resistance If the resistance R cannot be neglected the 
phase difference betw-een current and voltage (for an inductive resistance) is 




mternating currents 

gw»bstte.»„leCiB.«F,g 7 C,llnEth,«,nglc»,«e sentence that 

Its value may be founT from the ample rehtic n 

AB resistitice 

cos a = — ~ j * 

AC impedance 



Fio 11 Graphs showing voltage 90* m phase ahead of current 
Thus m the example worked out on page 9, wc find the amotint the current 
lags behind the voltage by evaluating a, where 
50 

Hence, phase angle = 66'’8 

In a nonmducttve i’lrcuit, such as one confatning an ordinary incandescent 
lamfi the reactance ts negltgiblet the current and the voltage are tn exact steft 
and there ts no difference tn fhase 

\/ 12 Power Factor — When alternating current flows m a circuit, et 
any instant, the power m watts = current m amperes X potential difference 
m volts The practical problem, however, is to find the average value of this 
^ product over a complete cycle When this is done, we get the expression 
actual power = VI cos a, where 

V ~ voltage recorded by A C voltmeter, 

I — current recorded by A C ammeter, 
and a — phase difference between current and voltage 

The following three different cases should be noted 
(o) A noninductive circuit 

Here a = 0° or the current and the voltage are in step and the power = 
VI watts, as in D C 

\ (i) An inductance of very small resistance 

In th s case a is very nearly equal to 90°, cos « = 0, and the power = 0, 
which means that actually there is no power loss in a reactance such as a 



C\PACm AVD PHASL DIFFEREVCE 


15 


choir cod, if the resistance is suflicientl) low This appircntl^ strange result 
means tint the cnerg) stored in the surrounding medium (the magnetic field) 
m one part of the c) cle, returns to the circuit in another A circu t or port on 
of a circuit to uhich this applies is said to be naltlcss It is for this reason 
that a choke coil is a more efficient \sa) of chancing the strength of an alter 
nating current than an ordmar) rheostat in uhich the power is dissipated 
as heat 

In a practical choke coil some such dcsace as changing the posinon of an 
iron core, enables tlic operator to alter graduatl) the magnitude of the induct 
ance and so graduall} toiar) the current 

(e) An inductive resistance, such as an ordmar) electromagnet or the pnmary 
of a transformer. 

As an illustration, consider an electromagnet, of resistance 50 ohms and 
inductance 0 3 henr), attached to a suppi) voltage of 1 10 AC Asuehave 
alreadj seen on pages 9 and 1 4, the impedance i$ 1 23 6 ohms, the current 0 89 
amperes, and the phase difference helu ten current and voltage Hence, 

the power dissipated in the electromacnet 

= no X 0 89 X cos 66®8' 

= no X 089 X 4045 
“39 6 watts 

The value of cos a (m this example about 0 4) is called the fou.er factor It 
will be seen that unles'* its magnitude is known, we cannot find the actual 
pow er consumed b) an inductive circuit 

The student wall realize tliat instead of using the phase angle, the power 
resistance 

factor can be f lund at once from the ratio , or, in the above example, 

impedance 

, 

It B equal to j^Jg* 

13 Capacitance and Phase Difference — When a circuit attached 
to an A C supp!) contains capacitance and a negh-nble resistance, there is 
a^iin a phase difference between current and voltage, but ths time the 
current is 90° ahead of the voltage If the resistance is not negligible, the 
phase angle b) which the current leads the voltage is less than 90°, being m 
fact equal to the angle BAC m the triangle of Fig 9 

As far as phase d fference is concerned, it is important to realize that 
miluctincc and capacitance have opposite effects current lagging because of 
inductance, leading because of capacitance Hence, in a circu t conta ning 
res stance, capacitance and inductance, we ma) have current either lagging or 
leadm", or, in the <pecial case where the inductive reactance is equal to the 
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capacitive reactance, the current Bin phase with the voltage. The three cases 
are represented graphically in the diagrams of Figs 12A, 12B, and 12C. In 
each of these figures, the resistance 



IS represented bj AB, the mductue 
reactance by BD, the capacitive 
reactance by DC, and the imped- 
ance bjy/C. In Tig 12C, where 
C the inductive reactance is equal to 
thecapacitne reactance, ABC rep- 
resents both the resistance and the 
impedance, and we hat e the condi- 
tions for resonance to which refer- 
ence was made at the end of section 


Fro 12A Combinaucncfijiducuveandcapaci t , ,, , , > t r 

tive reactance BD represents the inductive It follows that *, the phase dif- 
racuntt DC th.c.paativ. re.ct.net, yfcih. (e„tiK between current and rolt- 
impedance 

age, may be made anj desired 
value by suitably varying capacitance and inductance This is of importance 
when it is desired to reduce power loss If n given amount of power — so 
many watts — is to be supplied at a fixed voltage, evidently, since power sup- 



plied — VI cos a, the larger the power factor (or the smaller a), the smaller 
the current necessary Since power loss due to resistance is PR watts, smaller 
currents mean smaller power losses 
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PROBLEMS AND QUESTIONS 

1 Describe a simple experiment to illustrate the difference between an inductive and 
noninductne circuit 

2 Describe, with reference to a simple experiment, the meaning of the inductance of 
a circuit What effect haj a high inductance when a direct voltage is applied^ 

J When 1 10 trolts D C are applied to the tennuiaU of an electromagnet, the current 
IS 2 S amp , whereas when flO volts AC are applied the current is only 0 8 amp 
Explain clearly the reason for the difference 

4 An electromagnet has a resistance of 30 ohms and a rcacunce of 40 ohms (for 
AC of 60 cjcles per sec) Find (i) the impedance of the electromagnet, (ii) the 
mdueunce in henries Jut (i) 50 ohms, (ii) 0 106 henry 

5 Distinguish between impedance and resistance 

6 When 60 cjcles per sec AC is used, the impedance of a coil is found to be 40 ohms 
If the resistance of this coil is )0 ohms, find its inductance in henries Ju/ 0 103 

7 The reactance of a Coil when used with 60 cjcles per «c AC is 50 ohms Find 
Its inductance dm 0 13 henry 

8 NVhen 110 volts alternating are appl ed to an electromagnet of resistance 30 ohms 
an A C ammeter in the circuit records 0 5 amp Find (i) the impedance of the electro 
magnet, (ii) its reactance, and (iii) us inductance (in henries), if the A C is 60 cjcles 
per second dm (i) 220 ohms, (u) 217 9 ohms, (iii) 0 fi 

9 When 110 volts altemiiing, frequencj 60 cjcles per second, is applied to a coil 
with some resistance and with inductance equal to 1/10 henrj, the resulting current is 
2 0 amp Find the current when 1 tO volts direct is applied to the ume coil dm 2 75 

10 («) When a flat circular coil of 2000 turns, with a mean radius of 5 cm , carries 
a direct current of 1 amp , the magnetic field inside the coil has a mean value of 50 
oersteds Assuming the field to be uniform, calculate the number of ImLages for this 
current, and hence the inductance of the coil (in henries) (^) If this coil had neglw 
gible resistance and 110 volts, 60 cjcle per tec alternating, is applied to it, find the 
current dm (o) 7 85 X 10«, 0 078, (t) J 7 amp 

1 1 When a coil of resistance 40 ohms is joined to a suppl) of 1 1 0 volts, alternating, 
an A C meter in the circuit records 2 0 amp Find (i) the inductive reactance of the 
coil, (ii) its inductance, if the frequency of the AC is 60 cjcles per sicondi (in) the 
number of linkages when the coil carries a steady current of 2 amp 

12 An incandescent lamp and an electromagnet arc joined m senes across terminals 
between which there is a FD of (i) IIO volts direct, (u) HO volts alternating In 
which case is the lamp the brighter^ Explain jour answer 

13 If the electromagnet in 12 is replaced by a condenser of fairly large capacitance 
what difference is now observed^ 

14 One hundred and ten volts, direct, are applied to an electromagnet whose true 
res stance is 55 ohms Find (i) the final steady current, (u) the back E 'I F (or 
E M F of inductance) at the instant the current, just after the circuit has been closed, 
has reached the value 1 amp dm 55 volts 

15 One hundred and ten volts, alternating, arc applied to a coil of n anv toms, «ho«e 
inductance is 1 henry and resistance 1 1 ohms jovoed m serves with a condenser of capaci- 
tance of 25 microfarads (a) Calculate for what frequency the inductive reactance is 
equal to the capacitive reactance (A) Calculate the current for this frequenev dnt 
(<j) 318 cjcles per sec ( (fr) 10 amp 



CHAPTER II 

PRODUCTION OF HIGH VOLTAGE PART I. 
THE INDUCTION COIL AND THE TRANSFORMER 


To oporaK any typ= «f a-raj tuba, a voltaga yenr much m cacess of thoK 
encountered in ordinary arcuns must be avaiUble Actual values range from 
less than 10,000 to more than 1,000,000 volts In this chapter our attention 
IS confined to means of obtaining potential differences which do not evceed 
200 000 or 250 000 \olts 


14 The Induction Coil — In the early da>s of x-ra>s the induction 
coil was the apparatus used for developing the voltage necessary to operate an 
x-ray tube Although the coil is prac- 
tically obsolete m modern roentgenology , 
n still has Its uses, m the phy siology lab- 
oratory, for example, and the student 
IS well advised to recall its mam features 
The basic pnnciple is that of electro- 
magnetic induction A direct current 
flowing in a primary coil wrapped about 
an iron core is regularly made and inter- 
rupted, and, m consequence, an induced 
E M F IS developed in a secondary 
Fig 13 Pnmarr and secondary cjfcnits coil wrapped about the pnmarv On 

of an induction coil with hammer break „ ^ , 

make or the pnmary circuit, when 
the lines of force are introduced, this E M F is in one direction, on “ break,” 
when the lines disappear, in the opposite d rection 

T o make and break the pnmary circuit, an tnurrupter is used At one time 
three different types, the hammer, the mercury, and the electrolytic were in 
general use, the last two being suitoble when heavy power loads were needed 
As the transformer has entirely superseded die cOil where heavy loads are con- 
cerned in this text reference is made only to the hammer interrupter Figure 
13 shows the essential features When the switch K is closed, a direct current 
flows in the pnmary coil provided the contact points P and Pi are touching 
One of these contacts P is at the end of a screw passing through the ngid 
support D The other P, is attached to the metal spnng S which in its turn 
is ngidly fastened at the end O but is free to vibrate at the other end At this 
1 $ 
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end It IS loided with the piece of soft iron H Normal]), when no current 
IS flowing, P and P i are in contact. Hence, on closing the switch /T, the circuit 
IS completed, a current flows, the iron core is magnetized, the hammer R is 
attracted, the spnng moves to the dotted position, the contact points P and Pi 
are separated, and the arcmt broken The primary current then drops to 
zero, the core loses its magnetism and the hammer is pulled back to its initial 
position by the elasticity of the spnng Sy aided by an additional spnng not 
shown in the diagram The action, which so far is essentially the same as 
that of an electric bell, is then repeated, the pnmaiy circuit being automaticall) 
made and broken, with a resulting mduced E M F m the secondary, in one 
direction on make, m the opposite on break 

By using a large number of turns m the secondary very high E M F may 
be induced, provided the magnetic lines are mtroduced or removed quickly 

Iaaaa 

s 

\—^ — J — U- 

Fio 14. Graph cat representation of pnmarr current and of 
secondary voltage in sin>[^e induction co 1 

enough, that is, provided the time of make or of break is short enough Actu- 
al!), in a good induction cod, the time of break ts so much less than that of 
make that the E M F induced in the secondary on break is enormously greater 
than that on make In a small cod used by the students in one of the writer’s 
classes, on a single break of the pnmaiy, it is possible to obtain a spark between 
the secondary terminals of about one centimeter, whereas on make the E M F 
is so small that no spark at all can be detected The explanation for this differ- 
ence depends on more than one factor To begin with, because of the E M F 
of inductance in the pnmar) cod itself (see section 6), there is a delay in the 
rise of the current to its maximum value and the time of make is prolonged 
For the same reason, on break, unless qiecial precautions are taken, the E M F 
of mductmee causes marked sparking at the contact points (where the break 
occurs), sparking which ma) be followed b) vaporization of the metallic termi 
nals and resultant arcing To suppress this sparking and arcing, which pro 
longs the time of break, a condenser C is placed across the contact points This 
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condenser prolongs still further the time of make, because on make a certain 
quantity of electricit) flows into it On break, the induced EMI causes t 
further charging of the condenser and the current is not prolonged bj bad 
sparking and arcing If the mechanical device pulls the points apart quickl), 
then a very rapid break is made, with a corresponding high E M h m the 
secondary In a good coil this E M F , as already noted, is so much greater 
than that induced on make, that the secondary terminals may be marked, one 
positive, the other negative, as if the coil developed a unidirectional high volt- 
age In a poor cod, this is far from being so 

In Fig 14, the graphs give a general idea of the behavior of the primary 
current and the corresponding E M F induced m the secondary 

The name jaradie is sometimes given to induction coil currents It will he 
seen that they arc charactenzed by abrupt changes, markedly difTcrent from 
the smooth, gradual changes of smuso dal currents (see section 8 1 ) 


IS The Transformer — For voltages up to about a quarter of a million, 
the common device used in x-ray outfits is the transformer Here again the 
pnnciple is that of electromagnetic induction In Fig 15, A BCD represents 
a senes of sheets of soft iron put together to form a core of the shape illustrated 
A coil of wire P the pnmary, connected to an alternating source of potential 
difference, is wrapped about one arm of the iron core, while a second coil S, 



Fio IS Pnmary and secondary of a simple 
closed core transformer 


the secondary, is wrapped about an- 
other part (or overlapping the pn- 
mary) When the pnmary circuit 
is closed, the resulting magnetic field 
IS continuously changing, the number 
of lines nsing to a maximum in one 
direction, then decreasing to zero, 
then increasing in the opposite direc- 
tion Whenev er the number of link- 


ag« IS increasing,* there is an induced 
E M F in the secondary in one direction, but when the number is decreasing 
^r increasing with the lines reversed) the E M F is m the opposite direction 
rhe induced voltage in the secondary, therefore is alternating and of the same 
frequency as that of the pnmary current the relat on between the two being 
somewhat as shown in Fig 16 

The magnmde of the secondary E M F o approximately as many times 
greater (or less) than the pnmary voltage as the total number of turns in the 


* An increase of 1 
oppos te d reel on 


direcuon has the same effect as a decrease of lines in the 
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secondary is greater (or less) than the number m the pnmar} To understand 
ash) this IS so, it is necessarj to realize that there is an induced E M F (the 
E M F of inductance discussed in section 6) in thepnmarj coil itself and that, 
when the sccondar) circuit is open so that no power is taken from the trans- 
former, the onl) function of the pnmar) current is to maintain the alternating 
magnetic field O/iI) a small current c> neccssat) for this If the pnmary 
resistance is small, the actual soltage necessai) to maintain the current is very 
small also and therefore the E M F of inductance is almost equal to the 



Fie 16. Graphical repreientauon of current in pnmary of a transformer 
and of corrcspoitdtns induced soltage in secondary 

applied voltage, just as when a direct current motor is running freely without 
an) external load, the back E M F m the armature is almost equal to the 
•'pplicd voltage Now since the same lines of force cut each turn of both 
pnmar) and sccondar), the induced E M F per turn m the secondary must 
be equal to the induced E M F per turn in the pnmar) Hence, 

resultant secondar) E M F =: F M F of inductance in pnmary 
number of turns m secondary 
number of turns in pnmar) 

Therefore, since appl ed voltage across pnmary is nearly = E M F of induct 
ance, we may wnte with little error, 

number of turns m secondary 
E M r m secondary = primary voltage X „„„ber of turns m pnnrary ' 

Thus, if 110 volts are applied to the pnmarj of a transformer for which the 
ratio of secondary to pnmar} wrns is 1000, the secondary E M F. is about 
110,000 volts 

The secondary E M F mn) be either higher or lower than the pnmary voh- 
T^e In a step dnxvn transformer, such as ts ised for heating the filament of 
an x-ra) tube (section 58) or t rectif)ing valve (sect on 57), the voltage is 
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low ercd In step~uf transformers, the secondary voltage is greater, and as we 
has e already seen, may reach or exceed 250,000 volts 

16. Insulation. — As the high tension voltage becomes greater, the 
problem of good insulation becomes more difhcuU Injurious sparking may 
occur between different parts of the secondary or betw'cen the secondary and 
Its surroundings At one time some x-ny transformers were impregnated 
with wax, but this method proved unsatisfactory even for only moderately high 
voltages Air bubbles developed and sparking took place through the cavities 
thus formed Good high tension transformers are now immersed in oil, a 
method w hich not only provides better insulation but has the further advantage 
that because of conv cction currents heat is di^ersed more rapidly. 


17. Efficiency and Power Rating of Transformers — When the 
secondary circuit is closed, a current flows and power is delivered to this circuit. 
Automiiically* more power is delivered by the supply source to the primary. 
The transformer, therefore, may be looked on as a mechanism for receiving 
power at one voltage and current and dchvenng it at a different voltage and 
current Inevitably there is some loss m the transaction, although a good 
transformer may have an efRcicncv greater than 95 per cent The energy 
losses mi) be grouped under two headings (a) iron losses, (b) copper losses 
Under (n) we include (j) the loss due to hysteresis, arising from the magnenz- 
ing and demagnetizing of the iron core, and (ii) the loss due to eddy currents 
in the mass of the metal The former loss is reduced by choosing a type of 
iron in which the magnetism lags behind the magnetizing field as little as 
possible, and the latter loss by the use of laminated cores 

Copper loss is the name given to the heat loss ansing from the resistance of 
the wire carrying the current The magnitude of this is equal to PR watts, 
where I is the customary symbol for the current in amperes, and R the resist- 


, r ’L ' '‘'I" effic.cncy IS not 

h r' r coils arc moro cinsel) coupled than 

the Jeon ? coupling „ obtained by winding the pnmary and 

the seeondar, eliwi inge.her, bn, -is the a,™ „( ,b„ „ to explom pn7c,ples 

mi, k hi I ihr^'”" 'J' 1°' "mple, bill a generd idea 

« f the linn wh h ^ *"> current oppostj the move- 

ih» ch>nc nir mi-nrtie fl,.. 'u ** Therefore, ihe ncon.brj current will oppose 
• n-s n/,he » '^.11 create a counterLl.l 

trree m the an Hence opposinR F M h of in.lt.c 

pnmarv current «■]] autoiniiicill) increase 
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nther tinn tecJinn.nf demls c\ict n1et^<HI^ hJ constructing trmsformers will 
not I'c (Icscnl'ctl 

In oriiiinr) pmlilcnjs it »s usml tn nviumc lint tlie trinsformcr is 100% 
cffiainf / /ic cx-imp/c ninj fte useful 

In a step up Sransjrtrtner^ the srcondttr\ has iOOO tsmes as many turns as 
the primary If JO niilltamprrrs are deUimd at 100,000 volts, find (i) the 
primary current, (ii) the frtmary voltage 

Since the seconthr) E M F is 100,000 colts, nnd the ratio of the number 
of turnsinsecoiuhr) tn that m pnmnT) tslOOO, 

. 100.000 , 

primarj voltage = — • = 100 volts 

If the transformer js 1 00% efficient, then prsmary voltige X primary current 
= secondar) voltage X secondtr) current, or 

100 X /p = 100,000 X 010 
or Ip = 10 amperes 

Or, titernalelj we maj find the pnmvr) current at once, from the fact that, 
if the secnnilajy voltage is 1000 times greater than that applied to thepnmar;, 
the secondar) current must be 1000 times less Hence, 
pnmar) current =0010 X 1000 
= ]0 amperes 

18. Transformer Rating. — ^Vhen a radiologist bu)s an x-ray trans- 
former, he IS interested in knowing not only what maximum voltage a machine 
IS able to develop but .n|so what current it wiTI deliver at this or lower voltages 
Hearing this in mind, at least one firm* has adopted a standard means of 
specif) in.:, under three conditions of us.igc, the peak voltagcf (not the R M S 
value), and the corresponding current as read on the milliammeter placed in 
the secondary circuit (see section 20) The three conditions are (a) con- 
tinuous use of the transformer, (^) use for a “short ” penod, that is, for a 
time nor exceeding 30 seconds, with rest intervals fiie times is Jong, and (e) 
momentary use, that is, for a time not exceeding 1 second, with a rest penod 
of at least a minute in between For example, a certain transformer is adver- 
tised as having an output of 120,000 volt^ peak, at 25 ma for continuous 
use, or 11 0,000 volts at 60 ma for a short time, or 100,000 volts at 100 ma , 
for momentary use 

* Waison A Sons (Flecfro Medical) Ltd, London England 

t In man) branches of x rav wort, as will be seen later, the peak voltage is more 
important than the average value 
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19 Rectification. — Toi the sititfictory use of sn x-rty tute the vrftsge 
applied to .1 must he umdireetlonal It may he mtetmitteut, hut unless Its 
reel ,s alwajs the same (and entree.) the effect mi the tube may b 
disastrous As a rule, ihereloie,, since the high tension transformer develops 
an alternMingj: MF some reet.fjmg device M needed so that the ^age 
applied to the tube is always in the' same direction. Rectification of this km 



IS done ««her bj a mtchamcol recti^cr or a rectifying valve, using a heated 
filament Although the latter method has almost superseded the former, an 
explanation of its use must be postponed until the important principle of 
thermionic emission has been discussed (m section 56) 

The pnnciple of the mechanical rectifier should be clear from a considera- 
tion of Figs 17 and 18 In these figures A and B represent heavy lead 
wire coming directly from the high voltage side of a transformer. Each 
circle represents a disc which may be rapidly rotated and is made of some good 
insulating material Attached to the disc are four projecting pieces of metal 
(1, 2, 3, 4), 1 and 2 being connected by a piece of wire or strip of metal, 
similarly 3 and 4 As the disc revolves, these pieces touch fixed metal brushes 
(a, b, c, «?), a and b being attached to the lead wire A and B, while by means 
of c and d, connection may be made with a circuit containing an. x-ray tube 
Suppose, now, that as the disc rotates, it reaches the position indicated in 
Fig 17 at the moment the voltage between A and B is a maximum (the 
" peak” of the sinusoidal curve), A being B — . At that instant, then, 
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n current wi]l flow from to a to 1 to 2 to t/, through the bulb m direction 
A' to 1 , back to c to 4 to 3 to 5 to the other lead wire B Suppose further that 
dunng the time of one half a cycle, the disc revolves to the position shown in 
F }g 18 In that case, since the voltage between A and B is now once more 
a maximum but with A and B~\-, a simple inspection of the diagram in 
Fig 18 will show that the current flows from 5 to f to 2 to 1, through the 
bulb in the same direction as before, to 3 to 4 to n to yf In other words, 
f/ the disc can he rotated at thu very exact speed, then the current through 
the bulb will alwajs be unidirectional In the secondary coil of the trans 
former, of course, it is alternating, just as before This exact co relation 
between the speed of the rectifying disc and the frequency of the alternating 
current is obtained by means of what s called a synchronous motor This is 
an A C motor which runs at a angle speed only, because its armature changes 



Its position in exact s} nchromsm with the changes of the current An x-ray 
transformer outfit with mechanical rectifier must include such a motor, solely 
for the purpose of keeping the rectifying d«c revolvirg at the critical speed 
Moreover, since the sjnehronous motor runs at one speed only, frequently a 
second (starting) motor is necessary in order to bring the sjnehronous motor 
up to the des red speed Sometimes the use of a second motor is avoided by 
having a synchronous motor constructed with an additional circuit which, bj 
means of a special starting switch, is put in use for a few seconds and enables 
the machine to run as a different kind of motor until the critical speed is reached 
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19 Rectification — For the sitisfnctory use of nn v-ray tube the voltage 
applied to It must be unidirectional It may be intermittent, but unless its 
direction is always the same (and correct) the effect on the tube may be 
disastrous As a rule, therefore, ^since the high tension transformer develops 
an alte mating_E M F some recfa/ji«^_deyice is needed so that the voltage 
applied to the tube is always in the same direction Rectification of th'ijTind 
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a current will flow from A to ataltoZtad, through the bulb in direction 
X to Y, back to c to 4 to 3 to i to the other lead wire B Suppose further that 
dunng the time of one half a cycle, the disc revolves to the position shown in 
Fig 18 In that case, since the voltage between A and B is now once more 
a matomum but. viith A — and fi+, a inspection of the diagram in 

Fig 18 will show that the current flows from 5 to d to 2 to 1, through the 
bulb m the same direction as before, to3to4torttovf In other words, 
if the disc can be rotated at thu very exact rfced, then the current through 
the bulb will alwajs be unidirectional In the secondary coil of the trans- 
former, of course, it is alternating, just as before This exact co-rtlation 
between the speed of the rectifying disc and the frequency of the alternating 
current is obtained by means of what is called a synchronous motor This is 
an A C. motor which runs at a single speed only, because its armature changes 



Its position in exact sj nchronism with the changes of the current t^^ra^ 
transformer outfit with mechanical rectifier must include such a 
lor the purpose of keeping the rccofyinS reiolimg at the ^ 

Iorto%er, since the sjnehronous motor runs at one speed on r> rreq’- 
second (starting) motor is necessary m order to bnng the 'Wic mnou 
“P to the desired speed Sometimes the use of a second inetor t 
3 synchronous motor constructed with an adJitx'na orci. t 
'^tans of a special starting switch, is put in use for a few ^ 

the machine to run as a different fcmd of motor until the crrcal 
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20 Operation of Transformer with Mechanical Rectifier. — A 
complete circuit, somewhat simplified, is shown m Fig 19, where X and Y 
represent supply terminals, 110 or 220 A C The supply rrnins branch into 
two circuits, one suppl 3 nng current to the synchronous motor, and controlled 
by switch I, the other suppljing current to the primary of the high tension 
transformer, controlled by switch 11 In addition, there is the high tension 
circuit, including the secondar) of the transformer, the x-ra) tube and a mil- 
liammeter MA, with the rectifying disc placed so as to send a unidirectional 
current through the tube The diagram should make clear without further 
explanation the connections of the tube arcuit It may be stated, however, 
that the parts of the rectifying arrangement are labeled as m Figs 1 7 and 1 8 
To operate with such an arrangement, the tube* is first placed in position 
and connected to the high tension terminals C and D This circuit is then 
closed as illustrated m the figure Next the synchronous motor is brought 
up to speed In the arrangement we are considering this is done by throwing 
switch I to the side marked “ start,” thus utilmng the starting motor, until the 
requisite speed is attained Switch I is then thrown to side marked “ run ” 
and left there The recti^nng disc is now running at the necessary exact 
speed and may be left so for some length of time In another machine, as 
a read) noted, there might be only a single motor, with special starting switch 
closed initially for two or three seconds 


Finall) , switch It, the so called x ray switch, is closed, thus allowing current 
PMP '■’“former The resulting high induced 

, m the secondary then causes a current through the tube and md- 

llammeter The purpose of the rheostat is to alter the primary voltage, and 
hence the voltage applied to the tube, but that ,3 a quesBon we shall discuss in 
detail in the next chapter 
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represented gnphicilly b} the short heivy line in Fig 2la If the time 
intervil is i little longer, a greater port on of the whole range of voltage viliies 
will be utilized, the short heavy lines extending to the dotted parts It is well 
to note further that, in order to utilze the peak voltage, the disc must be in 
proper alignment, that is, when it is in the position represented by Fig 1 7, the 
voltage across and B must be at its maximum value Sometimes the disc 
slips on its rotating axis and gets out of alignment To readjust it the services 
of an electrical engineer may be necessary 



Fia 20 Position of recti 
tying disc when no current 
IS passing 



22 Polarity Indicator — Not onI> must the current through an x-ray 
tube be Unidirectional but it must be m the right direction Now, if one went 
through the senes of operations which have just been outlined, it might be 
found on closing switch H that the voltage was applied to the lube in the wrong 
waj Just how one would know that will be explained later In fact, if 
one began one hundred times at the beginning, with all switches open, it 
would be found on closing the x ray switch II, that on the average fifty times 
the voltage was right, fifty times wrong In other words, with the above 
procedure, it is just an even chance whether the voltage is right or wrong A 
glance at Fig 17 will explain the reason for this In this figure it has been 
assumed that when the disc is m the postion indented, is positive and B 
negative Now, when it is brought up to speed, there is just as good a chance 
of A being negative and B positive, as wee versa With the above simplified 
arrangement, therefore, when the x ray switch is closed, one would never 
know whether the voltage applied to the tube would be m the right or the 
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CHAPTER III 


MEASUREMENTS AND CONTROL OF 
HIGH TENSION VOLTAGE 


In operating roentgen tubes it is highlj important not only to be able to 
\ary the voltage applied to the tube, but also to know its actual magnitude 
In this chapter important methods of doing these things are discussed Refer- 
ence IS first made to several methods of measuring high voltages 


23. Spark-gap Meter. — The pnnaple of this method is extremely 
simple — the greater the potential difference between two conductors, the 
longer the spark between them when the air insulation breaks down Spark 
lengths may thus be equated to corresponding voltages, but in doing so one or 
two precautions must be considered To begin with, the spark length depends 
on the shape and size of the conductors, as well as the potential difference 
between them The same voltage gives a different length between two 
pointed than between two sphencal conductors, and still different if one con- 
ductor IS a sharp point, the ocher a plane The length even vanes for spherical 
conductors of different diameters, as will be seen by a glance at Table II 


(taken from Kaje and Laby’s Tables).* 

It will be noted that the lengths given m this table are for air at 25 C and 
760 mm pressure For different values of both temperature and pressure, 
n correction must be made because these (actor, also affect the spark length 
(or a given voltage Table III, (or eaample, gives the correction which must 
be apphed to the values gtven ,n Table II. (or a lew other temperatures .n_d 

pressures To illustrate, with spheres o( thatneter 10 cm , at a pressure 

740 mm , and temperature = 20”C , the voltage correspond, ng to a spark 
length o[ 2 02 cm , IS not 60,000 but 60,000 X 0 99 

To some extent the sparfc,over votage depends also on the hom.dit, ol the 
a.r, and (or highly accurate work correctam has to be made (or >ln» to" 
A B. Lews has shown that, (or voltages at ffte orier ' W?," ’ 

, ncre.se m spark^over voltage, (or a (i«d gap, amounnng to 0 13 per cent (or 
each m,ll,mete, o( vapoe pressure o( water m the atmosphere 

. .. Phyncel end Che„,e.l C— ».d Sente M.tl.ee,.„e.l Fuaettem,” b, G W C 

Kaye and T H Laby Longmans, Green and Co 
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Table U — (sparking voliace* at 25® C aho 760 mm iressube) 




PRIMARY VOLTMETER 31 

In actuil use a spark gap meter with ^heres of a standard size is placed 
across the terminals of the tube, as shown m Fig 22 With the tube running, 
the distance between the gap terminals is gradually lessened until a spark takes 
place. To protect the surfaces of the 
spheres from injury due to excessive 
sparking, senes resistances RR of many 
thousand ohms should he placed as 
illustrated It is important to note that 
a current should actually be flowing 
through the tube when the reading is 
taken If no current is in the tube 
circuit, the length of the spark measures 
the E M F or maximum voltage got 
up b) the transformer When a cur- 
rent is flowing, the voltage across the 
tube 35 less, sometimes verj much less, than this E M F because of the drop in 
potential in the secondary co2 (See also section 25 ) 

24. Corona — Before leaving the subject of sparking potentials, attention 
IS directed to the difTerence between a spark ana corona or brush discharge 
In the case of a spirk the electric field between two conductors (one of which 
may be the earth) becomes so intense that the air resistance breaks down along 
what IS practically a continuous path between them A discharge passes, ac- 
companied by a crackling sound and marked luminosity If a conductor is 
at high potential, the air in its immediate vicinity may become conducting 
Without a complete breakdown between it and another conductor In this 
case, a feeble discharge takes place, accompanied by a glow called the corona, 
which can be seen in a darkened room The smaller the dimensions of the 
conductor, the more the like! hood of a corona discharge In the early dajs 
of roentgenology, the high tens on lends running to the x raj tube were fre- 
quentl} narrow wires wh ch were wound on a small reel With these marked 
corona was a common experience Corona is undesirable, because it means 
not only a loss of energ), but also the danger of the formation of undesirable 
ozone and oxides of n trogen It can be avoided, as it now invanablj is, by 
the use of conductors of large sze, kept well apart and well away from 
the earth 

25. Primary Voltmeter — The most common and certainly the most 
convenient, if not the most accurate, method of measuring the potential dif- 
ference across the terminals of a tube conssts in the use of an ordinarj A C 
voltmeter across the primary tennmals of the transformer The higher the 
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pnmary voltage, the greater the E M F m the secondary and the greater the 
voltage across the tube Hence m any given outfit, the scale of the voltmeter 
may be marked to read tube voltage instead of the pnmary voltage which it 
reall) records Unfortunately the scale can he exact for only one value of 
the tube current It is true that for each primary voltage, there is a cor- 
responding E M F induced in the secondaty, but, as we have already noted, 
when a current is flowing in the tube circuit, the potential difference across 
the tube terminals is less than the E M F because of the voltage drop in the 
secondary winding Now this voltage drop depends on the current, being 
greater the greater the current, hence for the same primary reading of the 
voltmeter the potential difference across the tube will decrease as the tube 
current increases For example, in a certain x-ray transformer, for a primary 
voltage of 80, a spark-gap meter across a tube gave a reading of 3 06 inches 
for a tube current of 10 ma , but only 2 85 inches for a current of 30 ma , 
volts, the spnrk lengtn was 4 51 inches for 
10 ma , but onl> 4 10 inches for 30 ma 
For very exact work, therefore, it would 
be necessary to have a separate scale on the 
primary voltmeter for each tube current 
If the tube is to be used with only a narrow 
range of currents, this is not necessary , and, 
in any case, a primary voltmeter calibrated 
to read tube kilovolts for a single milh- 
amperage is an extremely useful feature of 
an x-ray transformer outfit Frequently 
all that an operator wishes is to operate his 
tube at the same voltage as used previously, 
with the same tube current, 

26 Electrostatic Voltmeter. — An 

ordinary ** gold-leaf ” electroscope is an 
electrostatic voltmeter, the deflection of the 
leaf measuring the potential difference be- 
tween the charged S)stem and the surrounding earthed case In the Braun 
electrostatic voltmeter, this is put to practical use for measuring voltages of 
D ^ o ^ ^ thousand In this instrument, a movable metal stnp 
1 /-n ^ at O, IS m elcctncal contact with the insulated metal 

rod C« The surrounding case IS grounded When CD is joined to a 

conductor charged to high potential (for example, to one knob of a Wimshurst 
electrostatic machine, whose other knob is grounded), the movable rod is 
detlected an amount which is greater, the higher the potential 


or, for a pnmary reading of 100 



voltmeter 
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For higher potenthls use is made of the fundamcntnl principle, that, if a 
potentnl difference of V softs exists between tsvo chirged conductors, one 
positive, the other negative, they are attracted with a force whose magnitude 
depends on the distance between the con- 
ductors, and on the voltage, being directly 
proportional to F’. If, then, two plates such ^ 
as A and B, Fig. 24, are maintained at the 
potential difference to be measured, the force of 
attraction between them is proportional to the b 
magnitude of this potential difference. If one 
plate IS fixed and the other free to move, this 
force may be measured,* or the arrangement 
may he such that a pointer motes over a scale ^ 

an amount which is greater, the greater the ductor S » joined to ground, A 
force, that ,s, the greater the potential dif- Seif, ‘ 

ference to be measured. 

As an illustration of an electrostatic 





b 


Fic 25 An electrostatic voltmeter in which 
potentials o/ the order of 250,000 volts are 
measured by the movement of the sector vdfi. 


voltmeter used for voltages of the 
order of a quarter of a million, a bnef 
description is given of one constructed 
in the Palmer Physics Laboratory at 
Princeton Unnersity, and desenbed 
m an article by C. W. Lampson. In 
this instrument the electrostatic pull 
IS measured by the application of a 
simple principle in mechanics If the 
bob of a simple pendulum is pulled 
aside by a horizontal force F, the 
greater F the greater the honzontal 
displacement x If the ball is very 
heavy, so that it is never deflected a 
great deal out of the vertical, the dis- 
placement X IS directly proporUonal to 
the force F 

In this type of electrostatic volt- 
meter, a sector AB, Fig. 25, is 
punched out of an 8" hollow copper 
^here and then suspended so that it is 


* In one standird arrangement it is weighed because the movable plate is attached 
one arm of a balance. 



34 CONTROL or HIGH TENSION VOLTAGE 

free to move horizontally with only a small amount of clearance between the 
sector and the remainder of the sphere A rod CD is rigidly attached to the 
sector and the whole hiingbyasuspension5 * A silk thread T is stretched 
between the ends of brass rods F and F, attached to collars M and M which are 
rigidly joined to the rod CD This thread, kept under tension by a small metal 
spring, IS wrapped around a drum E attached to the vertical cylinder LN^ 
v/hich IS pivoted between fixed supports so that it is free to rotate 

Now when the voltmeter, which is grounded, is brought in the neighbor- 
hood of a terminal charged to a potential V, as in Fig 2Sa, the phte AB is 
pulled with a force, whose magnitude, as we have already noted, is proportional 
to V The plate, therefore, and the whole system to which it is attached 
moves in a horizontal direction an amount proportional to this force Because 
of the action, of the thread wrapped about the drum, the cylinder js rotated 
a corresponding amount, and finally, the end of a pointer F attached to the 
cylinder, moves over a scale Thus, the lateral motion of the sector js 
transmitted as rotatory motion to the pointer ” The position of the pointer 
on the scale, therefore, indicates the magnitude of the pull on the plate, that is, 
of the potential difference between the source of high potential and the 
grounded voltmeter To read in volts the scale must be calibrated In the 
instrument used at Princeton calibraton was carried out by the use of a high 
resistance and measured current as explained in the next section, md also by 
absolute calculation from fundamental principles of electrostatics and mechanics 


27 Current through a High Resistance — The student will recall 
thit when a direct current of / amperes flows in a resistance of R ohms, the 
potential difference between the ends of the wire is IR volts For example, if 
a milhammeter indicates a current of 10 ma m a megohm, or 1 ,000,000 ohm, 
resistance, the potential difference across it is 1,000,000 X 0 010, or 10,000 
\olts Given a sufficiently high resistance, therefore, it is possible to measure 
voltages of the order of those used mx ray work, provided a suitable instrument 
IS asailable for observing the (small) current through the resistance when the 
high voltage is applied across it 

F D Owen-King has desenbed in the British Journal of Radiology another 
method of utilizing a high resistance to measure the voltage across an x ray 
tube when operated with constant potential outfits This method, which it 
is stated, measures 250,000 volts with an accuracj of 2 per cent, consists tn 
measuring the voltage across a very small portion CB, Fig 26, of the high 

•Tbe ipbere i> eut into l«o liem Jphere* to enable the apparatus to be placed within it, 
the two pirti bemjt tubscquetuly put togetbtt agam 
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resistance AB through which a small current flows as a result of the applica 
(ton of the tube voltage The potential difference between A and B is then 
as manj times greater than that recorded b} the voltmeter attached to B and C 
as the resistance of AB is greater than that of f7B For the satisfactory 
operation of this arrangement, certain special constant “ Carbo ” resistances 
were utilized These are “ of specially 
prepared resistance material immersed 
in ofl and contained in porcelain tubes, 
the oil seraing the purpose of cooling the 
resistance units and preventing corona 
effects ” 

Further details concerning this method 
will be found in section 186, and in 
Fig. 182, p 255, the reader will find an 
actual photograph of a high resistance 
used for the measurement of high 
voltages 

28 The Seeman Spectrograph 

— This instrument provides an accurate 
means of measuring the maximum potential difference across a tube from 
observation of the spectrum of the x*rays emitted by the tube An explanation 
of the principle involved must be postponed until we are dealing with the nature 
of x-rays (see section 117). 

29. Control of Tube Voltage by Rheostat — With the standard 
transformer arrangement, the voltage across an x-raj tube may be altered 
and controlled by two standard means (1) the rheostat, and (2) the auto- 
trmsformer 

In the rheostat use is made of the famdar /R drop m voltage due to 
resistance (sec section 27 again) Suppose the circuit which includes the 
primary of the transformer is arranged as ui Fig 27 If, a* the mam suppl) 
termimls, the voltage is 220 A C , then with this arrangement, the voltage 
across CD, the primary of the high tens on transformer, is less than 220 by an 
amount which depends on the resistance of the rheostat and the current By 
decreasing the amount of resistance (if the power taken from the transformer 
remains constant) , the voltage drop in the rheostat hecornes less and, therefore, 
the voltage across the primary greater 

In considenng the rheostat method of control of voltace, one or two points 
should be noted 



Fic 26 By measurementofthevelugs 
across BC a small portion of the very 
h gh resistance m parallel with an 
xray tube the potential difference 
across the tube may be measured. 
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(fl) A great deal of heat is dtTclt^d m a rheostat, because whenever a 
current flows against resistance, there is a loss in power equal to PR watts 
{h) Since the drop m voltage through the rheostat depends on the values 
of both resistance and current, a change m the current may mean a marked 
change in tube loltage, even for the same setting of the rheostat For 
example, if the tube current is cut off without opening the primary circuit* of 
the transformer, the supplj current m the primary circuit drops to a low 
value, the IR drop in the rheostat becomes much smaller, the voltage across 
the primary much larger, and, therefore, the E M F in the secondary much 
greater Th s is a disadvantage, because an unduly high voltage may then 
be applied to the tube 

On the other hand, if because of a short circuit in the tube circuit, the current 
suppl ed the primary should suddenly nsc, the rheostat control has the ad- 
vantage that automatically the tube voltage will drop In this case, the 



Fic 27 Connecuons for simple rheostat control of high tension voltage 

sudden rise m current greatly increases the IR drop in the rheostat and so 
causes a corresponding decrease in voltage across the primary The rheostat 
can then be considered as a kind of safety valve m the case of a short circuit 

30 Voltage Control by Auto-transformer. — With the type of 

x-ray tube now m common use, the usual method for controlling tube voltage 
IS by means of an auto-transfermer This is essentially a transformer with 
a single winding whose ends are connected, as shown in Fig 28, to the low 
voltage A.C supply mams From B, one end of the winding and C a point 
whose position may be vaned by the use of a number of tappings, wires are 
led to the pnmary of the high tension transformer Because of the principle 

,h ‘ '''• *'■ '■y 
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of electromagnetic induction, between B and C a \oltagc is maintained whose 
magnitude is in the same ratio to the supplj voltage as the number of turns 
of the Winding between B and C is to the number between A and B B) 
altering the position of C, \oltages ranging from zero to the full suppl} voltage 
miy be applied to the pnmarj of the high tens on transformer, and so a cor- 
responding range of voltages developed in the secondary. 



Unlike the rheostat method, auto transformer control rnamtams a nearly 
constant tube voltage even when the tube current varies, because the potential 
difference between B and C depends on the position of C and is independent of 
current vanations in the supply mams This has both an advantage and a 
dsadvantage It is certainly an advantage to have the high tension voltage 
remain nearly constant in spite of changing loads, because, as we shall see 
later, the nature of the x-rays emitted by a tube depends on the tube voltage 
On the other hand, if a short circuit develops, it is better not to have the high 
voltage maintained, and m this instance, rheostat control is to be preferred to 
auto transformer. 


PROBLEMS AND QUESTIONS 

1 Descr be, wiih simpie Jiagrams, the two ch cf waj* of controJJmg- the valtiee 
applied to an x ray tube 

2 Make diagrami illustrating the control of toltage appl ed to an x raj tube, (i) bj 
rheostat (ii) by autotransformer E*pla n also nh} the rheostat acts as a hind of 
safety valve when a “ short ’ develops in the tube arcuit 

3 How IS the voltage across an x ray tube measured’ Describe several means 

4 Explain (i) why a voltmeter across ibe primarY of an x ra) transSormcr tan he 
(and often is) marked to read secondary kilovolts, (u) the objection to this practice 
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5 Explain fully the meaning of the following portion of the table placed over the 
control board of an * ray transformer 


Primary 

\oUage 

Aatotransformer 

Button 

Tube Voltage 



10 ma 

30 ma 

80 

3 

77 kv 

72 kv 

90 


88 kv 83 kv 


Hence point out the objection to a prereading kilosoltmeter 

6 Describe t«o najs m whitii a very high resisunce can be used to measure the P D 
across an x ray tube 




CHAPTER IV 

CATHODE RAYS 

In the onginal type of x ray tube a cjrrent passes through a rarefied gas, 
in the hot filament tube a current passes, although the vacuum may be nearly 
as perfect as modern means of exhaustion can make it Before the action of 
either can he understood, it is necessaiy to consider somewhat m detail the 
whole question of the passage of electricity through a gas 

31 Conductivity of Air — Suppose an electroscope, made wth the 
most perfect insulation possible, is given a charge If the deflection of the 
leaf IS observed hour after hour it will be found that, although there is an 
extremely slight falling of the leaf, the charge is reta ned even for dajs We 
conclude, therefore, that while air is not a f erf eel insulator, at an^ rate it is an 
extremely poor conductor of electncity (Evidence that air is not a perfect 
insulator has been given impi citl} when it was pointed out that, once the toltage 
across two conductors exceeds a certain value, a spark jumps the gap between 
them ) 

It IS possible, however, to put air into a fairl) good conducting state A 
simple experiment will illustrate one means of dome so Suppose a lighted 
match IS held near the projecting end of a charged electroscope It wall be 
found that in a few seconds the leaf has fallen and the electroscope is dis- 
charged The air in the neighborhood of the electroscope has had its con 
ductivity enormously increased by the presence of the flame In other words, 
the flame is wliat we call an fomzsug ngeui, causing marked ionization of the 
air m its neighborhood 

Suppose we have an arrangement of apparatus similar to that illustrated 
in Fig 29 In this case air from the neighborhood of a flame may be sucked 
through a tube LM, into which projects the top K of the insulated rod of a 
charged electroscope With such an arrangement n will be found that as 
soon as the a r from the flame is sucked along the pipe the electroscope begins 
ts- Aw ,'!s jir an the rnnduciuur state can be earned from 

place to place 

Imamne next that the apparatus b altered so that the ionized air m its 
passage along the tube has to pass between two plates P, and P , Fi^- 30 
which are joined, one to the posime, the other to the negatne terminal of an 
39 
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electncal machme or l„gh vollago bitttry. It will now be found that, in 
spite of the suction through the tube, the deettoscope rcta,m Its chtrge. In 
other words, the conducting air. tfter passing between the cl, urged phtes hts 
lost Its conductmt) or is no longer ionized 



Fic 29 Ions from the neighborhood of flame when drawn along the 
tube d scharge the electroscope 


The removal of the conductiviiy by the charged plates (and man> othef 
experiments) proves that air is made a conductor because of the formation by 
the flame of small electnfied particles These particles, which we shall sed 
presently may be either positive or negative, arc called lom Their existence 



Fio 30 lons drawn along the tube arc removed by an electric field 
across die plates Pt and Pt 

provides a ready explanation of the discharge of the electroscope If it is 
positively charged and ions are found near it, positive ions will be repelled, 
negative attracted Each negative ion on reaching the insulated rod of the 
electroscope will annul some of the positive charge on it until finally the 
electroscope vs completely discharged Moreover, all the time the discharge 
IS taking place then is a stream of fositsve tons m one direction, negative in 
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the pressure gets lower The harder a gas x ray tube is, therefore, the greater 
the voltage necessary to maintain a gnren current through \t Conversel) , the 
tube IS said to be ‘ soft ” when the gas is m a famly good conducting state 

33 Appearance of Vacuum Tube — The appearance of a vacuum 
tube when conducting a current at low pressures is very beautiful, and has 
certain general characteristics which it is well to note Initially, or verv 
shortly after the gas has become conducting a single sharp narrow streamer 
extends the length of the tube As the pressure is reduced the band of light 
becomes wider and more and more diffuse untl the whole tube is filled with 
luminosity At stll lower pressures (of the order of half a millimeter) the 
tube has a striking and very char- 
acteristic appearance ( I ) Around 
the cathode is a th n luminous layer, 

A in, Fig 32, (2) next is a sharply 
defined dark ^pace B, followed by, 

(3) another luminous region C, Fws SI Appearance of a vacuum tube ewry 
.h.. (4) . second ,11 defined dork 
region D, and finally (5) a column 

of luminos ty E, extending to the anode At certain pressures this column is 
broken up into beautiful striations, that is, narrow regions alternately dark 
and light 

Most important of these regions is the sharply defined dark space, the 
Crookes’ dark space, as it is called, or sometimes ‘ the ” dark space With 
decreasing pressure, its width continues to increase, and is indeed a rough 
measure of the degree to which the tube has been exhausted In the case of 
a gas X ray tube, the dark space should fill the whole tube If, by any chance, 
an X ray tube presents the above appearance, that is, one with marked lumin 
osity, the pressure is much too high and the tube must be re-exhausted before 
It IS of any use In the case of a hot filament tube, careless manipulation 
may result m the liberation of gas If sufficient gas is present this will be 
evident by the general luminosity filling the tube when a high voltage is 
applied Again re-exhaustion is the only remedy 

34 Properties of Cathode Kays — When exhaustion is extended 
beyond that giving rise to the above characteristic appearance, the dark space, 
as already noted grows wider and wider until it finally fills practically the 
whole tube This occurs when the pressure has now been reduced* to about 
1/100 mm , a value which is of the order of that in a gas x-ray tube At 

• \\e spcik of rail ng the ,acuum when we lower the pressure 
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this pressure a verj faint beam of light proceeding at nght angles to the cathode 
IS frequently visible Depending on conditions this beam may be narrow, 
covering only i small portion of the face of the cathode, or it may cover 
nearl) the whole of it, it may be extremely faint or it may be well defined 
(Often It IS quite visible in a “ soft x ray bulb) The direction of this beam, 
moreover, is independent of the position of the anode For example, m a 
tube of the shape illustrated in Fig 33 the beam is still at right angles to the 
cathode, although the anode is in an arm at one s dc of the tube 

A second important appearance 
IS ciiaractenstic of this stage The 
walls of the tube, particularly at 
the end opposite the cathode, are 
seen to fluoresce with a glow, frc 
qucntl) greenish, whose color, 
Fio 33 Cathode rays leave the however, depends on the composi 

cathode normally ©f the glass That the fluo 

rescent light has some connection with the faint streamers is readily shown by 
simply bringing one pole of a magnet near the cathode end of the tube Both 
the faint beam of light and the position of the fluorescent light at the other end 
move simultaneously 



Fig 34 A sharp shadow of the cross P is cast by a beam of cathode rays. 

The name cathoiie ra}s has been given to the faint beam of light What 
IS their nature? Before answenng this question it is desirable to look at some 
properties of the ra) s From what has just been stated, cathode rays ( 1 ) are 
deflected from their path by a magnetic field, and (2) excite fluorescence 
where they strike the walls of a glass tube (3) They travel m straight lines 
when no deflecting electnc or magnetic fields are present This is readily 
shown by using a tube of the kind illustrated in Fur 34 With such a tube 
It IS observed that if an obsUcTe P ts placed m the path of the rajs, a sharp 
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shadow IS cast on the end < i the tube, nil the rc^^ion nroiind the slnil.iw 
strongly fluorescing This couW be caused onl) hj i beam which, liS.c light 
rays travels m straight 1 nes (4) Cathode rays represent a considerable 
amount of kinetic energy This may be shown by using, not a plane cathode, 
as represented in Fig 33, hut a concaac one Ky this means the beam of rays 
(whch It was ponted out above, proceed normally from the cathode) can 
be brought to a focus at a point, as illustrated in I ig 35 If, now, a thin 
piece of metal be placed m a tube so that 
the spot to wh eh the rays are focused is 
on the surface of the metal, in a short time 
incandescence will he observed in the 
neighborhood of the spot On impact of 
the rays against the metal a large amount 
of heat IS developed (This point is of 
very great importance in connection with 
the action of either the gas or the hot 
filament tube (5) Cathode rays are deflected from their path by an 
as well as by a magnetic field To show this a tube constructed as represented 
in Fig 36 IS used By having a small cylindrical opening m the center of the 
anode, a narrow pencil of cathode rays may be obtained This beam ma) 





Fic 35 Focusing of cathode rays. 



Fic 36 Cathode ra>s are deflected by the electnc field between 
the plates Kt and Kt 

be visible for only a short distance from the cathode, if indeed it can be seen 
at all but, if at the far end of the tube, a fluorescent screen S be placed, the 
presence of the rays is at once evident by a round fluoresc»nt spot at Pi on the 
screen Suppose now, the tube has been constructed with two metal plates 
Ki and and that these are joined one to the positive, the other to the 
negative terminal of a battery It will then be found that the spot of light 
shifts from P, to Pj In thev fassage through the electnc field between the 
flates, the ra^s have been deflected 

From this and the other properties enumerated, we conclude that cathode 
rays consist of a stream of electrified ■particles Moieover, from the direction 
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of th' deflection by the eleetnc field, the charge they carry is at once seen 
to he iirgnltvr 

35 Nsture of CEthode REys — TThe experiments which led to the 
disco\crj of these properties of cathode rays left no doubt about their corpus 
culir and electrical nature Moreover, they provided the answer to questions 
which naturally arise concerning the aze of the particles, their speed, and the 
magnitude of the charge they carry A glance at Fig 36 will show that it 
IS a simple matter to measure on the screen S the d stance from Pi to Pj, that 
IS, to measure the amount the beam is deflected, and it should not be difficult 
to see that this depends on the \ery things we wish to know To begin with, 
the greater the electric charge the particle has and the larger the voltage 
across the plates Ki and /iT*, the greater the force pushing the parade to one 



Do 37 TfiepnnnpleofMHkanseildfopexpeoment Adfop, 
represented oy the black dot, is pulled downwards by the 
force of gravity, upwards by the eleetnc field between the 
plates Ai and At 

Side But heavy particles are not pushed aside as readily as light, nor fast 
particles as easily as slow, hence the amount of deflection depends not only on 
the force acftng on a particle but also on its mass and its speed For the 
trained physicist comparatively simple calculations connect all these factors 
together, and from his calculations and observations, made with both eleetnc 

and magneac fields, it can be shown that the value of — » that is, the ratio of 

‘=’ ' ffi 

the charge carried by a cathode ray to its mass, is equal to I 76 X 1 0* coulombs 
per gram 

As researches concerning the conduction of electricity through gases con- 
anued. It became evident that the charge carried by a cathode ray was a 
tundamentai' unit oi' ei’ecfricity A wouiV tni'Cinf pilrLir iir Ohs' iJuuii' itr 

in detail to the pioneer investigations establishing this fact, and a brief reference 
IS made to but one outstanding investigation, the famous oil drop expenment 
performed by Millikan Like a few other famous experiments it is beaudful 
in Its simplicity By means of an atomizer, oil drops are sprayed in the space 
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between t«o chirged plates, tnd the drops nrc then pven i charge b) ioni7ing 
the ar in this region A single drop ordimnl) will fall slowl) due to its 
weight hut if It has a negative charge and the positive plate is above it, as in 
Fig 37, the electric forct acting on the drop will be m an upward direction, 
and may casil) be adjusted until it exactly balances the downward pull of the 
earth 1 he drop will then be balanced m space, somewhat like Mahomet’s 
coffin Calculations based on this experiment enable the exact charge on 
the drop to be obtained and show that the charge is always equal to that on a 
cathode ray or to some multiple of it Smaller amounts have never been 
observed and larger amounts occur m exact multiples of this fundamental unit 
of charge The actual magnitude of the fundamental or electronic unit is 
4 80 X 10 statcoulombs,* or 1 60 X 10“'* coulombs * 

From work in electrolysis we know that 96,490 coulombs is the charge 
earned by the ions contained m 1 008 gm of hydrogen, or 


charge on a hydtt^n ion 
mass of a hydrogen ion 


coulombs per gram, 


or 


— = 9 55 X JO’ coulombs per gram, 
M 


where e represents the charge on ai» hydrogen ton and M its mass 

Since expenment shows that e, the charge on a cathode ray, is equal to e', 
the charge on a hydrogen ion, it follows that M the mass of a hydrogen atom is 
1 76 X lO’ 

ibout 1838 tunes greater than m the mass of a cathode 

y >a X lir 

ray f In passing we may note that the mass of a hydrogen atom is 1 66 X 
10”’* gm , that of a slow cathode ray 9 09 X 10 ** gm 

In cathode rays then, we have to deal with particles of this small mass, all 
carrying the same negative charge of clectncity It is important to realize 
that the mass of a cathode ray is the same regardless of the nature of the 
materials in the cathode ray tube The cathode may be made of iron, or of 
copper or of silver, or of aluminum, or any other metallic substance, the gas 

* It will be recalled that 1 statcoulomb u such a quantity of electricity that when 
placed 1 cm away fjom a sijn lar quant ty, with air as the medium between them, the 
force of repulsion between the charges w 1 dyne It will be useful to remember, par 
Ocularly vihen wre d scuss the question of x ray dosage, that 

I coulomb or 1 ampere second = J X 10® sUtcoulomhs 
■f This IS true only when the speed of the cathode rays is not great Actually the mass 
IS a futiM. on of the velocity, and at extremdy high speeds the increase in mass becomes 
of great importance 
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in the tube before it was evacuated may have been ordinary air, or oxj gen, or 
hydrogen, or carbon dioxide, or any other kind — m all cases the same result 
JS obtained All sfow cathode rajs hare this same mass This was a startling 
discovery because it proved that there was a rommon constituent to all kinds 
ot matter The atom can no longer be considered uncut or unciittable as it 
was throughout most of the nineteenth century It must contiin particles 
with a mass nearly two thousand times less than that of the hydrogen atom 

The speed of cathode rajs depends on the potential difference between the 
cathode and the anode in the same way as the speed of a falling body depends 
on the height from which it has fallen, and may be thousands of m les per 
second For example, for a potential difference of 10,000 volts, the speed 
IS about 37,000 miles per second, or about one fifth of the velocity of light, 
for 100,000 volts, the speed is over 100,000 miles per second, and for a 
million volts, ninety-fit e per cent of the speed of light is obtained 

It IS instructive to calculate the speed of a cathode raj for a given voltage 
To do so the student must recall that unit potential difference exists between 
two points or two conductors, when unit amount of work is done in taking 
a unit charge from one point to the other, or when unit amount of energy is 
gamed if the unit charge fells under unit potential difference To be more 
specific, if unit potential difference, which for convenience we shall call 1 
statvolt, exists between two conductors, and 1 statcoulomb falls through ths 
potential difference, the energy gamed is I erg, the fundamental unit of energy 
Another important energy unit in common use is the electron volt This w 
the amount of energj acquired when a particle having a charge equal to the 
fundamental or electronic unit falls through a potential difference of I volt 

It follows at once that, if the potential difference is V statvolts, and the 
charge is e statcoulombs, the energy gained is Ve ergs Since the usual unit 
of potential difference is the volt, the student should remember that 300 
volts = 1 statvolt, or that to change from volts to statvolts you must divide 
by 300 

Suppose, now, that a cathode ray (with charge 4 80 X 10 statcoulombs) 
fells through 1 0,000 volts The energy* it acquires 


10,000 


X 4 8 X 10"** ergs, 


= I 6 X 10~* ergs * 

Th.s energy appears as l)netic Now the kmeoc energ, of a pirt.de ot mass 
♦ Th s amount of energy is more often desenbeJ as 10 000 electron volts 
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m grams moving with velocity v cm per sec is iwu* ergs In the esse of 
the cathode ray we have seen that 

m = 909XlO-**gm 

Therefore, the kinetic energy of the particle 

= t X909X 10-** Xc* ergs 

Hence, 

i X 90 X lO-M X »* = 1 6 X 10-*, from which 

0 = 59 6 X 10* cm per second 
= 37,100 miles per second 

36 Structure of the Atom — As we have just seen, the discover) of 
cathode rays showed that atoms of all elements must contiin negntivcl) charged 
particles, a conclusion which was amply confirmed b) subsequent work 
These particles we now cnll eUctrons, rcservnng the mme cathode rajs for 
electrons which are shot down evacuated tubes ol the kind shown in Tigs 33 
and 34 Electrons may be released from atoms m a number of different wa) s 
A very common method which we shill discuss more full) in Chapter VI con- 
ssts in heating a metal to incandescence, m which case electrons evaporate 



Fig 38 A simple electron gun Electrons are liberated from the heated filament F 

from the metal or, to be more scientific, there is a thermionic emtntoti of elec 
irons In a radio tube, for example, the filament which } ou sometimes can 
see glowing, is heated to obtain a suppl) of electrons If, therefore, an cvacu 
ated Cube is made 1 ke the one shown m Fig 38, where the cathode of Fig 33 
IS replaced by a wire* F heated to incandescence b) passing an electric current 
through It, a beam of cathode rays is shot down the tube when the filament is 
joined to the negative termmal and the anode to the positive terminal of an 

♦ Frequently the wire is coaled with a material like lime or calcium oxide which 
’ berates electrons cop oosly when the wire is h^ted at a lower temperature than is 
necessary for the uncoated wire 
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induction cof! or in} other source of direct voltage Such an arrangement 
constitutes the essential feitures of what is sometimes called an electron gun 

The new atom which contains electrons must hive i structure far from 
simple Since an atom is a whole exhibits no clectricil charge it must contain 
enough positive clectncity to neutralize the negative on the electrons What 
does It look like, and where is the positive electnaty^ Can m e form a mental 
picture of it^ The answer to these questions hasnot alwa}s 6een the same, but 
for a number of } eirs it his been possible to visualize a model atom which has 
been extremely fruitful in explaining- and uiterprettn^ many facts This atom 
consists of a positivelj charged ccnteror«Kc/«</ accounting for almost the whole 
of Its mass, together with i number of electrons whose total negative charge 
exoeil) equals the fostitve charge on ihe nucleus So small are both nucleus 
and electron that if an atom were enlarged to be the size of a balloon 60 feet 
in diameter, the nucleus and eich electron would not be much bigger than a 
grain of sand On this view the atom is a miniature solar sjstem with the 
electrons revolving about the nucleus much as the planets revolve about the sun 

To distinguish one atom from another, two quantities must be known 

(1) the atomic weight or the number proportional to the mass of the atom, 

(2) the atomic number One or two concrete examples should make clear 
the meaning of atomic number There is overwhelming evidence that in the 
atom of hjdrogen, the lightest element, there is but one electron, with its unit 
negative charge, moving about the nucleus with an equivalent posmve charge, 
in helium, the next lightest element, there arc two electrons and the nucleus 
has two units of positive eleccncit) , in lithium, the third lightest, there are three 
electrons and three positive unit charges on the nucleus, and, to give one other 
example, m the mercury atom, there arc eigh^ electrons and the nucleus has 
eight} units of positive electncitj The atomic number is just the number of 
unit positive charges carried ly the nucleus — which, of course, is the same 
thing as the number of electrons in the normal atom Hydrogen, then, has 
an atomic number of 1, 1 thium of 2, helium of 3, and mercury of 80 In 
modern phjsics the atomic number is of even greater importance than the 
atomic weight because the chemical properties of an element depend on the 
number and arrangement of the electrons surrounding the nucleus, and this 
depends on the atomic number 

37, Meaning of Ionization — Since negative electricity attracts positive, 
each electron is strongly attracted ly the nucleus This electrostatic attraction 
provides the centripetal force necessary to keep the electron in orbital motion 
about the nucleus If it were not for its motion, the electron would “fall into ’ 
tlie nucleus By exerting a pull outwards, however, it is poss ble to remove 
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an electron completel) out ot the atom awa> from the attraction of the nucleus 
When that his been done, the nucleus has one unit of positive electncitj m 
excess of the amount neces«uirj to neutraliae the negative charge on the remain- 
ing electrons, and we hate what is called a positive atom-ion, or more often, 
just a fostuve ton Somet mes two electrons are removed from the atom, and 
we then have a doubl} charged positive ion The atom in each case is said 
to be tonizcd, and the means bj which the electron or electrons hate been 
removed are called ionizing agents X-ra>s, gamma rajs from radium, and, 
as ave have already seen, flames are examples of such agents The electron 
which has been removed from an atom does not always remain m solitary state, 
but frequently attracts to itself a neutral molecule or atom, or possibly several 
of them, forming a negative ion 

On this view electricity is never created, but is of the very essence of matter 
When an ebonite rod is rubbed on wool, little forces (which we do not under- 
stand anj too well) are brought into play which cause electrons to pass from 
the wool to the rod For every m llion electrons gained by the rod, the wool 
loses a tn llion Consequentlj , whenever the rod acquires a million units of 
negative electncitj, the wool, having a million positive units unbalanced by the 
electrons it has lost, acqu res an equal pos tivc charge 

A battery or a djnamo is not a means of creating electricity, but a device 
which sepirates positive from negative, with a resulting potential difference 
between its terminals When a current flows m a circuit, it is simply a move- 
ment of electrical charges, — sometimes electrons only, sometimes negative 
ions m one direction, positive m the opposite 

38 Ionization by Collision — The ability to ionize a gas or a vapor 
through which it is passing is an important property of a rapidly moving elec- 
tron If moving quickly enough an electron may pass right through an atom 
leaving it unharmed , if moving very slowly, the electron may not have enough 
energy to do any damage , but over a wide range of speeds, it will remove elec- 
trons from man) of the atoms which lie in its path As we have seen, when- 
ever an atom loses an electron it becomes a positive ion Hence the path of 
a fast electron is marked by a trail of ions • This production of ions by a 
moving particle is one of the commonest ways of making a gas conducting 
In the next two chapters wc shall study this method of ionization in greater 
detail 

39 Electron Bombardment — Attention has already been directed to 
the fact that intense heat maj be developed when electrons are suddenlj 
stopped bj a target It is not surprising, therefore, that important effects maj 

• ^e>r section 131 
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be brought about b) controlled bombardment of certain materials bj electrons 
or cathode ra}s 

Special electron tubes ha\e been constructed for the specific purpose of 
obtaining homogeneous beams of electrons with speeds corresponding to poten 
tial drops over voltages ranging from 1 to 15 kilovolts m the case of one tube, 
or from lOto 100 fcilotolts m another Such tubes are convenient fora'tud) 
of the effects of the electron bombardment of biological matenal 

Much faster electrons have been utilized in certain bombarding expenments, 
in which the cathode njs, after passing right through a thin sheet of metal in 
the wall of the cathode nj tube, emerge into the outside air Tubes of this 
kind are sometimes called Lenard Coohdire, in honor of Lenard, a German 
phjsicist, and Coolidgc, the present director of the General Electric Research 
Lahorator) at Schenectad), N ^ Lenard, m the last decade of the nine- 
teenth centurj, made pioneer investigations relating to the passage of cathode 
rajs through metallic foil Coolidge followed up his work using potential 
differences exceeding a million volts to speed up the rajs Coolidge and other 
workers have shown that, under the action of these cathode rajs outside the 
tube, jeast, ergosterol, and a few other substances produce vitamin D, that 
new species may be originated m plants and m animals, that changes in color 
maj be brought about in glass and other substances, and that it is possble to 
distinguish natural from artificial sapphire bj the difference in their response 
to the rajs 

In an instrument called the hrMron to which further reference will be 
made in Chapter XV, electrons are accelerated until thej attain speeds the 
ccjuivalentof a potential drop equal to or even exceeding 200 million volts 

40 Origin of Roentgen Rays — For the radiologist probablj the most 
important use of cathode rajs is to generate roentgen or x-rajs When 
cathode rajs or high speed electrons are suddenij stopped by impinging against 
a hard metal target, the «pot struck bj the beam is the source of aheun visible — — 
light called x-rajs Details concerning tubes used for this purpose, as well 
as concerning the properties of such tubes wll be given m Chapter VI Before 
doing so. It IS desirable to consider further details concerning the passaee of 
electncitj through a rarefied gas 

PROBLEMS AND QUESTIONS 

1 1$ air at atrriospherie j reisurc a conductor of electr cit\* Describe several ways in 
which air may be made enn luct nj 

2 Descr be the \ariaf ons n the ronductis ts of a tube w th electrodes as the air is 
gradualh remosed the electro les I einff connected to h voltaffe terminals 
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1 \\hat are ions, eUctrons cathode ra}s> 

4 Describe how the \oltage acro^ a tube (originally containing air at atmospheric 
pressure) varies as the air is gradually exhausted, if the tube is carr}ing a current 

5 Describe the properties of cathode rajs with reference to suitable experiments to 
illustrate these properties 

6 \\hat IS meant bj the atomic number of an element’ 

7 Explain, with the aid of a diagram, a method of generating a narrow beam of 
cathode rajs 

8 If a cathode raj has a charge of 4 8 X lO"*® statcoulomb, how many (i) electron 
volts, (ii) ergs, of kinetic energy docs it acquire after falling through a P D equal to 
1,000,000 volts’ dnr (i) 10‘, (u) I 6 X 10-® 

9 Find the magnifuJe m ergs of an elenron volt /Itis I 6 X 10“**. 
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41 NatureofConductivityalAtmosphericPressure — Insection 
31 It \MS pointed out thnt e\en with the most perfect insuhton available, an 
electroscope slowlj loses its char^ It should now be evident that, if a few 
straj ions nre at all times present m ordinar) air, a ready explanation of this 
discharge maj be git en As a matter of fact, a large number of investigations, 
minj of them dating hack to the beginning of this centurj , have shown con- 
cliisitclj that there is no doubt about the presence of such ions If, then, an 
intense electric field is created between two conductors such as the knobs of 
1 simple electrostatic machine or the sccondar) terminals of an induction coil, 
these ions, being charged particles, arc acted on by a big force, and very quickly 
acquire a high selocitj If the field is intense enough, the ions have sufficient 
kinetic energy to loniae neutral atoms or molecules against which they collide 
The ions and released electrons resulting from such collisions m their turn are 
speeded up hv the electric field and very quickly they, too, ionize other atoms 
and molecules In this wa}, once an electric field of sufficient intensity has 
been reached ionization increases so rapidly that a sudden discharge made evi- 
dent b) the crackling spark, takes place In the case of corona, the field is 
intense enough to cause a discharge onl> withm a limited repn near the high 
potential conductor If an earthed conductor should be brought too near, 
the corona will of course give way to a spark 

42 Conductivity at Reduced Pressure —Wh™ 

high volf.gr IS opphrJ to tubes of the kind .Ilustrated m Figs 31, 32 and 33 
no discharie passes ,( the contained a.r ,s « atmospheric picssure because the 
field between the electrodes is not sufficiently intense to enable the t "r »™ 

acquire sufficient energy to ionise the neutral atoms or molecules wi.h which 
Ihe, collide When a par. al vacuum is cma.ed, however, as we have already 
noted in section 32, there ,s a discharge in the tube l„w 

distance between individual molecules at the lower pressures, an 
a grealer distance ™.bou. 

energy before an impact takes place A pr thpre is i 

so acquired is sufficien. to enable the ion m loniae on ^ 

rapid accumulauon of ions A current passes positive ions moving towards 
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the cathode, negative ions and electrons towards the mode If a stream of 
cathode ra) s is wanted, the vacuum is made so good that the UbeTttted tleclrons, 
largely formed m the neighborhood of the cathode, move the full length of 
the'" tube with little obstruction Figure 39 k an attempt to depict the state 
of affairs at somewhat higher pressures, when the tube is filled with light, as 



Fig 39 In a tube containing a little gas at not too low a pressure numerous 
positive and negative ions move in opposite directions 

in an electric neon sign At this stage there are numerous positive and nega- 
tive ions 


43 Positive Rays. — The existence of a stream of positive ions may be 
shown very beautifully b) using a tube in which holes are made in the cathode, 
not the anode, somewhat as shown m Fig 40 At suitable pressures, m jS, 
the portion of the tube beyond the cathode, a narrow beam of light is seen as 
a continuation of each hole in the 
cathode, an observation made in 
1886 by the German scientist Gold- 
stem At that date, it must he re- 
membered, neither electrons nor 
tons had been discovered, and Gold- 
stem, not knowing the true nature 
of the rays passing through the holes 
in the cathode, appropnately called 
them canal rays It remained for 
another German, Wien, tn 1898, to show that canal ra}s, if made to travel 
through cither an electric or a magnetic field, were deflected to one side, just 
like cathode rays, and so were electrified particles There are three very 
important differences, however, between canal and cathode rajs 

(I) The direction oi the deflection of canal rays m a tube like th e one shown 
in Fig 41, where a narrow beam passes between the electrified plates, Ki and 
K„ IS towards the negative plate, not away from it as in tlie case of cathode 
rays Canal rays, therefore, must be positively charged This, of course, is 
just what one should expect, for they arc nothing but the stream of positive 
ions which come up to the cathode and pass through its perforation In 
fact, J J Thomson, the famous English physicist who was one of the pioneer 
u orkers with these ray s, changed their name to positive rays 



Fig 40 A canal tay tube Pewavt n>ns 
pass through the perforatwtii in the cathode 
and at suitable pressures, give nsc to 
colored canal ray streamers 
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(2) It K miicii more difKctilt to deflect cinnl rijs stronger electre and 
magnetic fields hung necc^sir) to do so As i matter of fact Goldstein tried 
imsiiccessfiill} to deflect tliem vsJth a magnetic field J he reason for the dif 
ficiilt) in deflecting tlic ra>s is due to the much heavier mass of an ion than 
tint of a cathode ra\ , because, as we pi mted out when dealing with the deflcc 
tion of cathode ra)s, the Iiea\icr a particle is the harder it is to push it out of 
Its path 

(3) Measurements of the same hmd as arc used m cathode-ra) deflect on 
tubes show that canal ri)S are of atomic size but that their masses are not 
alMa)S the same If the cas m the discharge tube is changed, the masses of 
the canal or positive rajs are altered also Agan this is to be expected once 
wc realize tint positive rajs onj^inale in the posiuvc ions in the discharge tube 



Fio 41 AsimpletubefbrtheaBalyswofabeamofpcsitiversys 

If a tube contains ll) drogen, then Kinized atoms of hydrogen will pass through 
the hole or holes in the cathode, if oajgen, then oaygen atom ions and it 
thete 1, a mixture of these two gases, ,n the canal ra, beam there will be both 
oxjeCn and hjdrogen ions 


44 Chemical Analysts by Positive Rays — If a postive ray beam 
comainiiig a mixture of ions of different masses passes through an electric and 
a magnetic field, ,t will be sorted out into its components Th s is the prin- 
ciple of the positive ra, methml of chemical anal, vs which was firs used b, 
J J Thomson with such remarkable consequences ttat it is necessary >“ 
iand It clearl. In the method ongmJl, used b) Thomson a J bud 
somewhat as shown in Fig 41 The riys p,« through a fine >un»el « b 
cathode C and on emergence travel across a highl, "6'“ J 

strike a screen S (or a photographic plate) at the end of the tube When 
tree ,.e‘d with cert™ materuils them » « 

at the place P struck by the m,s, or vf a phomgmphic f ' ”, 

affect r. much as light does, and on development “ '“^0 'be spot , 
obtained In Fig 42, an »"S™al 

’■ it brm';ir"„“t"btLnfied plates A. aod A., that 
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IS, through an electric field, and it the same time, between the poles of a 
magnet, there is a sorting out of the rijs or ions When the fields ire so 
arranged that one pushes the particles verticallj, the other horizontill), then 
all particles of the same mass and same elcctnc charge, regardless of their 
speed, strike the screen or the photographic plitc along a curved line It is 
much the same as if bullets of different sizes were emitted by a machine gun 
and on their way to a target were acted on bj two forces, one pushing them 


sidewajs, the other up or down With such an 
J 2 arrangement all the bullets of one size w ould hit the 
: / target along one line, of another size along a different 
line, and so on If a positive ray beam contains 
^ sngly charged atoms of hjdrogen, of oxjgen, and of 

nitrogen there is a curved line on the plate correspond- 
*• *' ing to each kind of atom In Fig 42 the beam which 

^ ^ ^ anal>zed m this way has given rise to four or five 

‘ curved lines, the line marked 1 arising from 

charged hydrogen atoms, that marked 2 from 
singly chargtd hydrogen molecules, which have 
double the mass since a molecule of hj drogen contains 
Fio 42 Positive Ray Swo atoms 

p“iGu ~MeK nT*"* d' tinaljsis has man, advantages 

showing hydrogen hJnly an extremely small amount of a substance is 
■toms and moleciles ^cessaiy to have its presence revealed in this way 
scone in derenn method IS even more sensitive than the spectro- 

unstable aroi "f element It maj reveal the existence of temporary, 
IS over ^ “"’'>l>'t'g else after the discharge 

which take ■’•’““S'epf' « "Word is left of all the materials 

b, Harmsen ^ isc arge A beautiful example of such a record taken 

paratusard „„v Thomson ap 

pnnted These mimhr wch hne on this photograph a number is 

usual atomic weight seal” md ' “"“Pondmg particles on the 

of all the advantazes of’n », ** emphasize the biggest 

atomic weights F »i, analysis — the accurate companson of 

0« .be plafe „„s.t htt" "'“h f 

but”Tm";r:v?m“'t“rLr'^ '.-^;.:;^em“k^eZta, 

which modern science demanT^'^'R^r measurements 

mands Realizing this. Dr F W Aston, originally 
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a collaborator of Thomson, designed new arrangements which gave greater 
and greater accuracy and led to results of suiEoent importance to win for him 
a Nobel prize During recent jears his work, supplemented by others, but 
notabl) b} Bainbridge and b) Dempster in the United States has been one 
of the most important lines of im estigadon in experimental physics 

In the forms of apparatus used by the modem experimenters the sorting out 
of the ions depends, as in the ongmal arrangement, on a suitable combination 



of electnc and magnttic dtSecling fields, and the details of construction need 
not concern us In the final photograph, however, we tniM note one differ- 
ence Short straight 1 nes replace the long curves of the Thomson method 
A typical photograph is shown in Fig 44 
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Fic 44 Positive Ray Analyss — Modem Mass Spectrum, 
showing isotopes of cadmium 


Students ftrailiar with photographs of optical spectra will note the 
(See section 92 ) Just as a beam containing a mixture of different kind of 
light on passing ihtnugh a prism „ spread out tnto a spectrum ""S “ 

componeL, so the beam of postt.e r„s by thn method is "Parated n.o i 
constituents It is not sutpnstng that the apparatus used ii. 
called a tfectr.gcM and the phutugraph, ,u which tseh hue e„, re- 

sponds to an ion of a definite mas. a tfectrnn, 11) mcasurin, the sepa- 
ration of the 1 nes along such a spectrum, an accurate comparison 
nnd hence of atomic eights, maj be made 
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element irfon, ntomic number 18 Dements with the “same mass mimher 
but different atomic numbers are called ttolars tor example arj.nn, ati m c 
number 18, potassium, atomic number 19, and calcium, atomic number 20, 
all have isotopes of mass number 40 

46 Determination of Atomic Weights by Physical Method — 
If neon has two groups of atoms of mass numbers 20 and 22,* what, it may be 
asked, is the atomic weight of this element^ Can this result be reconciled 
with the atomic weicht of 20 2 determined 63 chemical means’ In chemical 
reactions the groups of isotopic atoms are not separated and the atomic weight 
determined chemically is an average value based on combining weights To 
obtain the same aserage value from mass spectrograph data we must know 
the relative amounts of each isotope This information is rcadly obtained 
from the degree of blackening of the mass spectrum lines on the photographic 
plate, because the larger the number of ions which stnke the plate, the blacker or 
the denser the image Neon photographs, for example, show that the 20 com- 
ponent IS nine times more dense than the 22 It is just a matter of simple 
arithmetic to show that the average atomic weight is 20 2 

47. Discovery of Deuterium — The mass spectrograph, therefore, has 
provided a method of obtaining atomic weights entirely tndefendent of the old- 
estahluhed chemical means If both methods are reliable, values obtained by 
the two methods should agree In 1929, the agreement was remarkable, the 
difference between corresponding values being only about 1 part in 10,000 
In that )ear, however, it was shown that ox)gen, which hitherto had been 
considered an clement with only one isotope, of mass 16, had isotopes 17 and 
18 present in small quantities This meant that if the whole s}stem of atomic 
weights is based on the assignment of 16 OOO to the mam isotope of oxygen, 
the average atomic weight of oxygen (the viliie based on all its isotopes) is 
slightlj greater than 16 000 , or conversely, if the chemical determinations of 
atomic weights are continued to be given m terms of 16 000 for oxygen, then 
the values for all other elements should be slightly less than those determined 
by the mass spectrograph method The correction to be made is slight, but 
it was enough to indicate a disagreement between the atomic weights of h} dro- 
gen, as determined by the two methods, which was just greater than possible 
experimental errors Birge and Menzel, American physicists, suggested that 
the lack of agreement might be due to an undetected isotope of hydrogen of 
mass number 2 Urey, Bnekwedde, and Murphy, American scientists also, 
set out to look for such an isotope ^ctroscopically , and in 1932 announced 

* The most accurate results show that there is a fa nt third component of mass 2 1 
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the discover) of heav) h) drogen or deuterium (sj mhol D) of miss niimhcr 2 
In a tank of ordinary hydrogen there is only one part of the heavy variety tn 
several thousands of the light, but after the original discovery of deuterium, 
n-eans were soon found of increasing its concentration, and eventually of 
completely isolating it 

Had It been just another new isotope, there would have been nothing very 
startling about the discovery of deutenum As it was, it created a stir in scien- 
tific circles the world over, and in a very short time gave rise to a wealth of 
researches in chemical and physical laboratories Yhe reason is not far to 
seek In so far as the positive charge on the nucleus and the number of extra- 
nuclear electrons are concerned, two isotopic atoms are exact twins and cannot 
be distinguished by any differences in properties which depend on these factors 
If the ratio of the nuclear masses is nearly unity, as in chlorine with its isotopes 
35 and 37, it is only by refined means that very slight differences depending 
on this change of mass can be detected When, however, the masses differ 
as much as they do in the two isotopes of hydrogen, that is, m the ratio of 
1 to 2, differences in their properties arc easy to detect In both physics 
and chemistry, therefore, the discovery of heavy hydrogen was followed 
by hundreds of investigations, all seeking to find out differences m the 
properties of all sorts of compounds when ordinary hydrogen is replaced by 
deutenum 

Outstanding among these researches were those dealing with heavy water, 
the compound formed when deuterium unites with oxygen to form DjO 
You cannot distinguish the two kinds of water by looking at samples of each, 
but there are decided differences in their properties For example, common 
water free 2 es at 32®F and boils at 2I2'’F , whereas the corresponding tem- 
peratures for heavy water are 38 8®F and 214 5*F Again, the vapor pres- 
sure of H 2 O at 212°F IS 760 mm Hg, but that of D^O at the same tem- 
perature IS only 721 6 mm 

48 The Proton — We have seen that the sorting out of positive rays 
has led to a physical method of determining atomic weights, to the discovery 
of the existence of isotopes m general, and of heavy hydrogen in particular 
Of even greater importance for the development of physics is the use of the 
mass spectrograph for the accurate measurement of the masses of all isotopes, 
m terms of the number 16 0000 assigned to the main isotope of oxygen 
Hitherto we have been using whole numbers, — the so called mass numbers 
35 and 37 for chlorine, I and 2 for hydrogen, 20 and 22 for neon, 16, 17 
and 1 8 for oxy gen — as the values of atomic masses without any explicit ref- 
erence to their exact values Now with the improved modern instruments, 
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meisiircmcnts of the tli<plnceme»t of the isotop t lines on i mass spectrum plate 
ma) he made to i hijh degree of nccurac) The results of such measurements 
shem that in all cases, masses of isotopes are very nearly whole numbers The 
few > alucs given in Table V will illustrate the po nt 


F ISOTOPIC HASSES IN TEAMS Of OXVCEW 16 = 16 0000 


n> Jrogen 

Deuterium 

Helium 

Lithium 

Lithium 

Beryllium 

Boron 

Carbon 

Nitrogen 

^>g«n 

Aluminum 


6 01684 
701818 
8 00765 
1001671 
1101295 
12 00386 
1400756 
16 0000 
19 99896 
26 9916 
39 97564 


With the discover) of the “ neirl) whole number rule " for all 
was inevitable that the h)drogen atom, or more accurate!), its mic eus 
the frotOH, should be considered as an ultimate unit m t e ui ng o 
complex atoms At on, n.e, senoo, ,.tcm,on was given the •1'="^ ^ “ 
nuclei of all atoms, in some wa), arc made of ^ 

charges, and negatue!) charged electrons As we shall see 
IS nol now held, although the proton still remains as one of the 
particles in the formation of nuclei Because of its importance in ate work 
a brief further reference wil! now be made to the problem o p 

49. Separation of Isotopes — In preceding element 

how, by means of the mass There remains the 

maj be separated and their mass ^ ^^^ble amounts of each 

practical problem of so separating the isotop 

vanety can be collected ,,,nrp m the years 

During World War II th« problem the 

preceding the successful attempts to uol. considered in Chapter 

fission of the element uranium, a question number 238, repre- 

xvm Natural uran.um has thm isotopta, ona of 
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senting 99 3% of the whole, a second of mass number 235, to the extent of 
only 0 7%, and a third of mass number 234, which is present in such minute 
amounts that we can almost ignore it For reasons which will appear later, 

It became highly desirable either to separate weighable amounts of the 235 
kind or to increase the percentage of this isotope m a specimen of uranium The 
magnitude of this problem, if even only a few grams of uranium 235 are to 
be collected, can be realized from the fact that Nier, an American physicist, 
using vapor from uranium bromide in a mass spectrograph, could collect less 
than a microgram of separated uranium 235 per 16 hour day 

In the successful separation of comparatively large amounts of individual 
isotopes of uranium and of other elements, use was made of several different 
methods, all of which had been known m pnnaple before the uranium problem 
became urgent A bnef reference will be made to three of these 

(a) Electromagnetic method — the ealutron —Somewhat similar m 
principle to the mass spectrograph, the ealutron makes use of a beam of ions 
which, after being speeded up by an electric field, traverses a magnetic field 
powerful enough to cause the ions to move m circular paths The reason for 
this deflection is explained m detail on page 265 Since the amount an ion 
IS deflected by a magnetic field depends on its mass, an ionic beam containing 
a mixture of isotopes will give nse to different paths, one for each isotope, some- 
what as shown in Fig 45 Hence by suitably placing an obstacle with a 
narrow opening in it, a single isotope can be collected in a receiver placed 
beyond the opening 

In the successful use of this method for separating comparatively large 
amounts of uranium 235, use was made of the world’s largest electromagnet, 
designed originally for a huge cyclotron at the University of California (see 
Chapter XV) The deflecting field of this magnet traverses a 6 foot gap 
between poles whose diameters exceed IS feel 

(b) Gaseous diffusion method — This method is based on the fact that 
the rate at which a gas diffuses through very tiny openings depends on the mass 
of Its molecules, being, m fact, inversely proportional to the square root of 
the mass Hence, if we have a mixture of two isotopes of an element in the 
gaseous state, in a vessel with a wall containing very small openings a 
forous barnei the isotope of lighter mass will diffuse through the wall or 
barrier more rapidly than the heavier, and a partial separation of the two will 
result It is interesting to note that Aston, m early attempts to separate the 
isotopes of neon, used clay piping as his barrier The actual amount of separa- 
tion resulting from diffusion through a single barrier is slight, and a cascade 




A tnuture pf «h« j n* of the nf »m r< «»mopc*of an elemtnt, when »pteded up 
f>T *n clettnc fitU emerfr* fmmlirSt •ttk tts oon imimntam In rajnng fAraocA 
a ynmg magnet e field, ihe wr* ate aepirate I each lind traversmu a circular path slightly 
“'nereni irom the othen ({> suitaffr placing a at t as ar A in the figure any particular 
isotope may he collected (1) agram from hmnh Report ) 

uranium hexafiuonde, mtl it hid to Iu»c holes not larger than 4 X 10 'inch 
I his and minj other jiroblems were successfully solved and, m 1945, after 
^nie years of fnrd, and it times dtscouragmg, work, a satisfactory diffusion 
plant \vis operating it the Clinton h ngineenng Works in Tennessee 

In the actual collection of large amounts of uranium 235, a combination 
of the thermal diffuson method nnd the electromagnetic were used By the 
diffusion method miteml with in increased percentage of uranium 235 was 
made, and then this “ ennehed feed material ” was used in the calutron for the 
fiml sepirition 

(c) The centnfuge — This method employs the principle of the cream 
scpintor If a system containing a mixture of two isotopes is rotated at very 
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high speeds, a partial separation is accomplished because the concentration of 
the lighter isotope increases near the axis of the rotating system, that of the 
hea\ner near the periphery This method was also successfully used in the 
search for the release of nuclear energy, but it was not employed for any large 
scale production 

50. Heavy Water. — No explanation will be given of two or three other 
methods which have been used to some extent in the separation of isotopes but, 
before leaving the subject, a brief reference is made to the pnnciple utili 2 ed in 
one method of manufacturing heavy water. 

Shortl) after the discovery of deuterium, the heavy isotope of hydrogen, it 
was found that, when ordinarj water is decomposed by electrolysis into hydro- 
gen and OX} gen, the residual water left after a considerable amount of water 
has been decomposed contains a higher percentage of heavy water than it had 
originally It then became obvious that, bj collecting the residues from a 
number of electrolytic devices and decomposing the collected lot, now richer 
m the heavy variety, until the residue after the second stage was still further 
enriched, and by continuing such a process for several stages, heavy water of 
high concentration could finally be obtained. 


PROBLEMS AND QUESTIONS 

1 Describe the construction and operation of a simple type of tube by means of which, 
b) positive rij analysis, a beam of ions can be analysed into its constituents Explain fully 

2 An electron and a singly charged positive ion fall through equal potential differ- 
ences Compare (i) the energy, (n) the velocity acquired by each 

3 Singly charged pos live ions of ordinary hydrogen and of deuterium fall through 
equal potential differences Compare (i) the energy, (ii) the velocity acquired by each 

4 Briefly descrdie two ways of separaUng stable isotopes of an element 

5 Indicate how the mass spectrograph can be used to compare atomic weights 

6 Explain how the atomic weight of an element like chlorine can be evaluated using 
the mass spectrograph 



CHAPTER VI 

ROENTGEN TUBES 


51 Two Types of Tubes — At the end of Chipter IV it was pointed 

out that x-rajs onginate when a beam of fist-moving electrons is suddenlj 
stopped on striking a target of hard metal To obtain a suitable beam of 
electrons two important methods have been used, with two corresponding tjpes 
of x-ray tubes In the first t)pe, the gas tube, a res dual vacuum is left at 
such a pressure that a well developed beam of cathode njs is projected from 
the cathode, while at the same time positive ions move toward this electrode. 
In the second type, the hot filament tube, electrons are emitted from a heated 
filament which also functions as the cathode of the tube In this tjpe the 



Fic 46 A typical gis x ray tube 


vacuum must be so good that there n no cwmuJitive ionization b; collKion 
(section 38), or, in other words, so that there is no appreciable electron flow 
arising from this cause 

52 The Gas Tube — Although it would be difficult to find a modern 
radiology center where gas tubes arc now in actuil use,* a brief reference will 
he made to this tj pe in order to illustrate certiin bisic pnncipjes The mam 
feitures are illustrated ui Fig 46, where C is the cathode, with face concave 
• Special gas tubes such as one designed by Mueller are siill used, particularly m con 
ncrljon with * ray spectrographs 
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high speeds, a partial separation is accomplished because the concentration of 
the lighter isotope increases near the nxis of the rotating system, that of the 
heavier near the periphery This method was also successfully used m the 
search for the release of nuclear energ), but it was not employed for any large 
scale production 

50 Heavy Water. — No explanation will be given of two or three other 
methods which have been used to some extent m the separation of isotopes but, 
before leaving the subject, a brief reference is made to the principle utilized m 
one method of manufacturing heavy water 

Shortl} after the discovery of deuterium, the heavy isotope of hj drogen, it 
was found that, when ordinary water is decomposed by electroljsis into hydro- 
gen and oxygen, the residual water left after a considerable amount of water 
has been decomposed contains a higher percentage of heavy water than it had 
originally It then became obvious that, by collecting the residues from a 
number of electrolytic devices and decomposing the collected lot, now richer 
in the heavy variety, until the residue after the second stage was still further 
enriched, and by continuing such a process for several stages, heavy water of 
high concentration could finally be obtained 

PROBLEMS AND QUESTIONS 

1 Describe the construction and operat on of a simple type of lube by means of which, 
by positive ray anal) sis, a beam of ions can be analyzed into its constituents Fxplain fully 

2 An electron and a singly charged positive ion fall through equal potential differ 
cnees Co npire (i) the energy, (ii) the velocity acquired hy each 

3 Singly charged positive ions of ord nary hydrogen and of deuterium fall through 
equal potential differences Compare (i) the energj, (ii) the velocity acquired by each 

4 Briefly describe two ways of separat ng stable isotopes of an element 

5 In hcate how the mass spectrograph can be used to compare atomic weights 

6 Expla n how the atomic weight of an element like chlorine can be evaluated using 
the mass spectrograph 
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51 Two Types of Tubes — At the end of Chapter IV n ts-as pointed 
out that x-n}s originate when a beam of fast moving electrons is suddenly 
stopped on stnkmg a target of hard metal To obtain a suitable beam of 
electrons two important methods have been used with two corresponding types 
of X raj tubes In the first tjpe, the gas tube, n residual vacuum is left at 
such t pressure that a well-developed beam of cathode mjs is projected from 
the cathode, while at the same time positive ions move toward this electrode 
In the second tjpe, the hot filament tube, electrons are emitted from a heated 
filament which also functions as the cathode of the tube In this type the 



Flc 46 A typical gas * ray tube 

vacuum must be so good that there is no cumulative lonizat on bj collision 
(section 38), or, in other words, so that there is no ipprec able electron flow 
arising from this cause 

52 The Gas Tube — Although it would be difficult to find t modern 
radiology center where gas tubes arc now in actual use,* a brief reference will 
be made to this tjpe in order to illustrite cerwm basic pnnciples The main 
features are illustrated tn Fig 46, where C is the cathode, with face concave 
* Special gas tul es sucb as one d s gned b> Mueller arc Mill used part cularly in con 
nect on a iih x ray spectrograpi s 

6S 
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or cup-shaped so tint the cathf>dc nts ire bronchi tn i focus on the ficc of 
the target From the focal sfot x n)s spread oiit in sU directions, pissing 
through the whole half of the hem sphere in front of the plane MFM\ Here 
It may be noted that when the current through i gis tube is in the right direc- 
tion, the portion of the bulb m front of the plane MFM\ is usually strongly 
fluorescent, being separated from the remainder by a shirp line of demarcation 
The target T forms the end of i long metal arm A, the inticathode, which 
by means of the connecting wire W, is in electrical contact with N, the anode 
The anode N lies within a short side arm of the tube, and does not project 
into the main body of the tube V js another side tube which carnes a third 
electrode E, and is added for the purpose of regulating the gas pressure in the 
bulb P represents a rubber tip covenng the place at which the tube was 
sealed off from the exhaust pump after the initial exhaustion had been com- 
pleted 

53 Regulation of Current m Gas Tube — It will be seen later that 
the nature of the beam of x-rays leaving a tube depends both on the current, 
that is, the milliamperage, and on the voltage across ns terminals An opera- 
tor, therefore, must be able to control both the current and the voltage Now, 
if the pressure of the residual gas remains constant, the higher the voltage 
applied to a tube, the greater the current through it There are cases, how- 
ever, where an operator may wish to change to a higher voltage without alter- 
ing the milliamperage, or possibly with even a smaller milliamperage HoW 
can this be done^ To understand the answer to that question it is necessary 
to remember that the voltage required to maintain a given current through 
an ordinary vacuum tube vanes with the pressure of the contained gas (See 
sectioiv 32 ) If, therefore, by any means the gas pressure in any x ray bulb 
IS altered a different voltage will be required to pass the same current through 
It If the vacuum is lowered (pressure increased), the resistance of the tube 
decreases or it becomes “ softer ” If the vacuum is raised, the tube runs 
‘ harder,” that is, the resistance mcrcases A soft tube, therefore, is more 
conducting than a hard one * Puttmg it in another way, a higher voltage 
is necessary to maintain a certain milliamperage through a tube when it is 
hard than when it is soft For a given tube, some regulation of the degree 
of vacuum may be obtained by the use of vacuum regulators Because gas 
tubes are almost obsolete m x ray practice, details about such regulators are 
omitted, although it may not be amiss to point out that, by using the third 

* Lattr we shall see that the terms hard and soft are also used to describe the character 
of the rajs leav ng a tube 
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electrode E, Fig 46, to pass a momentary current through the side arm V 
small amounts of gas may be released from matenal packed in this arm and 
the pressure increased accordingly 


54 Blackening of Tubes — With gas tubes, this slight increase 
pressure is necessary, because with continued opcrauon they are found to " 
harder, that is, the vacuum improves The same improvement m va 
occurs when a gas tube has been standing idle for some time This d ”i 
hardening is due largely to the absorption or adsorption of some of the ^ 
gas by the walls and the electrodes of the tube The adsorption is mcrea d 
by the presence of a black metallic deposit which gradually forms on the 
walls of the tube — a deposit somewhat similar to that which may be ohsc^^^l 
on the walls of an old “clear glass” tungsten filament lamp Besides T 
creasintt the rate at which the residual gas is adsorbed, the presence of blacke^* 
ing IS objectionable, because it increases the resisUnce of the tube it m I"' 
possible sparking along its walls, and it increases the danger of puncture ^ 
Taslc VI 


Metal 

Atomic 

Weight 

Atom 

Num 

Ifcr 

Melting 

Pont 

Thetma 

Con 

ductivity 

Heat 

^o'«t'lization 
Detectable at 

Platinum 

Ind urn 

Osmium 

Tungsten 

Tantalum 

Molybdenum 

Copper 

Nickel 

195 2 
193 1 

190 9 
184 

181 i 

96 

63 6 

58 7 

78 

77 

76 

74 

73 

42 

29 

28 

1750*C 

2290®C 

27oon: 

3300*C 

2900*0 

2SOO*C 

I084*C 

I450°C 

0 17 

0 17 

0 17 

0 35 

0 12 

0 92 

0 14 

03 

03 

03 

03 

04 
07 

09 

10 

1200*t 

1400X: 

2300-C 

1800“C 


Blackening is the result of two causes (1) the evaporation of hot metals, 
and (2) a cathodic disintegration known as sputtering Sputtering consists 
of the ejection of metallic particles from the cathode These particles, u « 
to be noted, are tiny pieces of metal and must not be confused with electrons 
In a good tube, therefore, blackening is mmimizcd by choosing a metal for 
the cathode which expenment has shown sputters a minimum amount 
(aluminum, for example) and by keeping the metal parts, particularly the 
target as cool as possible, in order to prevent vaponzalion We have already 
pointed out that a beam of cathode rays represents a consderable -imount of 
energy and that at the focal spot where this energy is concentrated, enough 
heat may be developed to make a small hole m the face of the target More- 
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over, if the metal does not actually melt, it may easily become so hot that 
marked vaporization takes place Evidently it is desirable to choose for use 
as target a metal with a high melting point and to adopt some means of keep- 
ing It cool 

In this connection the information given in Table VI is of interest It 
will be noted that platinum, which in the pioneer days of roentgenology was 
the metal used to the greatest extent as target, is by no means the most 
satisfactory Compare it with tungsten, for example Its melting point, 
nSO^C, IS little more than half that of tungsten, 3300°C Moreover, 
platinum is one of the metals which sputters readily, whereas tungsten sputters 
but 1 ttle For this reason, should any inverse current be present in the case 
of a platinum target tube, blackening would soon be pronounced (Dunng 
inverse the anticathode will act as cathode ) Tungsten, therefore, gradually 
replaced platinum, partly, perhaps largely, because of the research work of 
the General Electric Company, Schenectady, on the production of wrought 
tungsten 

55 Methods of Coohng a Target — To keep the target cool, use is 
made of several simple phys cal principles In many gas tubes, the target at 
one time was just a " button ” of tungsten set m the end of a massive piece 
of copper which served as a connecting conductor between the target and 
the external electrode Now copper, it will be noted by a glance at Table VI, 
has both a high thermal conducuvity and a high ^cific heat, and hence for 
both reasons, the temperature rises slowlj 

Additional cooling is often brought about by attaching to the end of the 
nnticathode (or anode) outsdc the tube, sheets of metal which because of 
their large surface are good radiators of heat (See Fig 61 and Fig 67 ) 
Coohng is also often accomplished by the use of water cooled targets, a very 
efficient method because arculating water continuously carries away the heat 
developed Even if the water is not renewed by inlet and outlet pipes, its 
temperature cannot nse above 100°C , hence as long as there is water in the 
water cooler attached to the anode (sec Fig 68 and Fig 69), high tempera- 
tures are not possible Still another method consists in the use of an anode 
so massive tbit a large amount of heat is nccessarj to increase its temperature 
an appreciable amount (Sec Fig 70 ) As most of these cooling devices 
are emplojcd m hot filament tubes, further reference to them will be postponed 
until this tj pc of tube i5 under discussion 


56 Thermionic Emission — It has alread) been noted that in minj 
hot filament tubes the vacuum is ncarlj as perfect ns modern means of cxlniis- 



THI RNIIOMC t\lISS[0\ 


69 


lion con moke it So high i<5 the \ocuum that if an attempt is made to use 
one os 0 gos tube, no current posses coen with a ver> high \oltage across the 
tube. How, then, does it operate? To answer that question, it is necessar> 
to e\p]ain in greoter detiil the subject of thermionic emission of electrons, to 
which a brief reference wos mode in section 36 This can best be done b) 
reference to one or two simp/e evpenmenCs h/^re 47 represents a highly 
exlioiislcd gloss bulb prenided with three electrodes or terminals, 3 joined to an 
inner sheet of mctol P which we shill call the phte, 1 and 2 to the ends of a 
filament F of fine wire, tungsten, for exnmplc Terminals 1 and 2 are con- 
nected to a storoge battery b) meons of which current may flow through the 



Fio 47 A thermionic corrent flows across the highly evacuated tube, when 
the liloment F is hot and is negative 

filament and heat it to incandescence A second circuit including a gal- 
vanometer G or a milliammrter is made bj joining the 1 10 D C terminals 
and B to 1 and 3 as illiistralcd m the figure A deflection of G will then 
indicate a current flowing around the arcuit yf to C to 3 to plate to filament to 
1 to 5 Is there any such current? We distmguish two cases ( 1 ) With 
filament cold, that is, key open, it is found that, no matter what the polarity 
of and B IS, no current is indicated by G (2) With the filament in- 
CTfnfcbVtfiTC ('ih. 7 - if S is Jiegabve, a marked current js 

indicated, whereas if B is positive, no current passes 

Evidently , therefore, a current passes through such a tube when the filament 
IS hot and when it is negative Now, what is the explanation^ It is found 
in the fact that any hot piece of metil h a source of electrons At iJie surface 
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of meuls a process somewhat akm to evaporation goes on, as a result of which, 
at high temperatures, there is a copious emisston of electrons known as a 
thermionic emission In the above tube, therefore, the hot filament liberates 
electrons, if the filament is negative, and the plate positive, since negative 
repels and positive attracts negative clectncit), these electrons are driven across 
the vacuum space There is, therefore, a current of electricity which, in this 
case, consists of a stream of negauvely charged electrons If the filament is 
positive, however, because of the attraction of positive for negative, the elec- 
trons cannot escape from the filament and no such current exists 

It is well to note that, although the electrons move from the filament to 
the positive plate, the direction of the current is from plate to filament This 
is because of the convention that current direction is that in which positive 
electricity moves Negative electrons coming out of a conductor is equivalent 
to positive electncity flowing into it 

57 Hot Filament Rectifiers — It should now be evident that if the 
supply voltage is 110 alternating, a stream of electrons will cross the tube 
only during the half cycle when the filament is negative In other words, 
an intermittent but unidircciional current flows in the circuit containing G, 
although an alternating voltage is applied A tube of this sort, frequently 
called a diode, therefore, is an excellent rectifier and has manj practical 
applications For example, m high tens on circuits, rectifying valves embody- 
ing this principle have practically replaced the mechanical rectifier discussed 
in secton 19 In the next chapter details concerning this method will be 
given 

58 Hot Filament X-Ray Tube — Dr W D Coolidge, of the Gen- 
eral Electnc Research Laboratory, was the first scientist to construct an 
x-ray tube of the hot filament type A tube of this kind differs from the 
gas tube, not because x-rays originate m any different manner, but because 
the stream of high speed electrons has its origin m an incandescent filament 
Although there are many varieties of hot filament tubes, certain fundamental 
principles are utilized in nearly all of them, and these the student should 
clearl) understand 

To begin with, we cannot do better than examine the construction and 
operation of the Universal Coolidge tube, one so satisfactory that, after many 
5 ears of service, it is still on the market m only slightly altered form Figure 
48 IS an actual photograph This type, like almost any other, consists essen- 
tiall) of a filament F, Fig 49, which acts also as the cathode, and the anode 
A To heat the filament, an independent arcuit, called the filament circuit. 
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IS iicccsMr) III il ,0 on^imJ nmn^tmcnt n sf jr> c hiitirr} 5, and B was 
«iscd ^s the source nf suppl) for the circut In the arrangement in actual 
use, as shown m hig 50, a branch from the A C mams sippl es a small fila 
ment step-down transformer, the secondary of which is connected in senes 
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Fig 48 The CootdseVm\ersa1Hot Fthment\ ray Tabs. 

With the filament While this arrangement is more convenient it has one 
disadvantage Voltage fluctuations on the line will cause corresponding 
fluctuations m the filament and consequently, as we shall see later, alter the 
mniiamperige through the tube 

To give the necessary h gh speed to the liberated electrons the hi^h tension 
voltage 1 $ applied to the tube in the usual wa), the hot filament being, of 



FVo 49 Simple connect ons when filament of a hot filament x ray tube is 
healed by means of a storage battery 

course, negative Since the whole filament circuit is raised to the 1 igh poten 
fiaJ of the cathode, it is necessary to insulate the storage battery (or the 
filament transformer) The complete arcuit therefore, includes (1) the 
usual high tension circut, (2) the filament circuit In Fig 51 connections 
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Fio 50 Simple connections when filament is heated by a step down transformer 



Tic 51 Complete connections when a hot filament tube is operated with high tension 
voltage controlled by auiotransfbrmer and rectified by mechmical rectifier 

for the complete arrangement with mechanical rectifier (minus the syn- 
chronous motor circuit) arc shawm (In the next chipter diagrams of circuits 
using rectifjmg vahes will be given ) It will be seen that the high tension 
circuit, which m this case has autotransformer control, is exactly the same ns 
that alread) discussed The new feature is the filament circuit controlled 
b) the filament switch and containing an ammeter to enable an operator to 
read the current heating the filament Bj means of the filament control (a 
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rays or electrons strike In the gas x-ray tube, the beam is focused on this 
spot partly because oi the shape of the cathode, partly because the walls of the 
tube in the neighborhood acquire a negative charge and this charge exerts a 
repulsive effect on the beam of electrons In hot filament tubes focusing is 
brought about partly because the dectric field -which exists between cathode 



Fio. 52 Focusing device in the universal Coolidge Tube 


and anode directs the beam of electrons towards the target, but more so because 
of the actual structure of the cathode itself In the universal tube, for 
example, the filament, wrapped into a small flat spiral, is surrounded by a 
concentric metal cylinder, one end of which projects a little beyond the 
filament, as shown m Fig. 52. The other end is attached to the flange F> 



Coarury PhlUpi CiotihimVtritaliTUkn, HaOaw! CVurtuy Omrral Eltctrle X-nf Carporiiltffn 

Fic 53 A focusing arrangement in a hot Fic 54 A close up view of filaments in a 
filiment tube double filimetit tube. 


As the cjlmder and flange, and the filament itself are all in electrical contact 
with the negative high tension terminal, a repulsive force acts on the liberated 
electrons. A somewhat similar arrangement is shown in Fig 53, a diagram 
taken from literature of the Philips’ X-ray works. Figure 54 is a close-up 
photograph showing the actual relation c»{ the filaments, in a special double- 
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fihmcnt tulw, to the surrouiiJm^^ R> u filnnents of different shapes 
and adjusting the rehtnc position of the pirts, fecal spots of different sizes 
arc obtained 

“ The fiKtl spot size, shape, ind distnbution can be confrolied almost 
entirelj b) the lihinent size, slnpc and position rclanve to the rest of the 
cathode structure ” (Gross md Atlee ) 

61. The Anode and Target —In the universal tube, the anode head 
IS of solid nin^ten, whose inclined face forms the target, as shown m Fig 48 
No cooling device is added, it being possible to operate the tube with the 
anode white hot, prosnded unidirectinn'il loltige is applied 

In later sections reference will be made to tubesof other design 

62 Control of Tube Current — In the gas tube we has e seen that the 
residual gas is conducting, the current consisting of i stream of positive ions 


Tasib Vlll — riuweiiT ci.»«tifr TAHit 1\ — niAMSVTCoiiREHT 

3 6awp 3 5 amp 



in one direction, along with cathode raj-s m the opposite direct on Jn the 
hot filament tube the current cons sts solel> of the stream of negative electrons 
liberated from the filament How is the magnitude of this current controlled? 
In order to understand the answer to that question it is well to recall that an 
elfctnc current is measured by the total qiianti^ of electncity passing each 
second any “ point ” on the circuit If, therefore, more electrons are trans- 
ferred ever) Second from the filament to the target, the tube current will be 
greater Now work on thermionic cmisston has shown that the higher 
the temperature of the hot filament the greater the supply of electrons The 
miUi<tmperage through the tube, therefore^ eon be increased umply by tncreas 
mg the filament heating current But, it is asked, where does voltage come 
in’ That can be answered with reference to experimental results such as 
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Siven m Tnbles VIII nncl I\ (taken from General I lectnc Co literature) 
The numbers m Fable VIII refer to a tube whose filament current was kept 
constant at 3 6 amperes 

Greater and greater voltages wcic applied to the tube, and for each \aliie 
the corresponding tube current was measured It will he noticed that, while 
at first the tube current increases with increasing voltage, a stage is reached at 
which increase in voltage produces si ght increase m mdliampcrage Those 
who prefer to stud} results in graphs rather than m tables will see that Curve A, 
Fig 55, shows the same result even more clearly In Table IX and Curve B, 
Fig 55, the same result is shown for a different filament current, the onlj 
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Fio 55 Graphs showing saturation tube current for two d fferent filament currents 


difference in the two cases being that the maximum tube current m the latter 
IS greater Experiment tells us, then, that eorrespondttig to each filament 
current, there t; a maximum value of the tube current, nj/iich if independent of 
the applied voltage The explanation of this maximum current — called the 
saturation current — is simple enough Theavaibble supplj of electrons from 
a hot filament depends on its temperature and therefore on the magnitude of 
the filament current Evidently no more electrons can be transported across 
the tube per second than are liberated each second from the filament 

The student may wonder why all the liberated electrons should not be 
transported to the anode at low as well as at high voltages The chief reason 
for this lies m the existence of what is called the space charge Suppose a 
filament is heated -without the appLcation of a potential difference between 
filament and anode The evaporated electrons then form a cloud of negative 
e ectncity m the space immediately surrounding the filament Since negative 
electricity repels negative, due to this space charge there is a strong repulsive 
force which not only prevents the emission of further electrons but also 
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tlnves cJectrons hack mto the filament When a comparatively small 
\oltage IS applied across the electrodes (with anode positive), the electrons 
move to the anode and a current is recorded But with low voltages the 
speed of the electrons is not great, and they arc present in sufficient numbers 
in the region between the electrodes to continue to exert a backward force on 
those electrons near the filament For a given field between the electrodes 
and a fixed filament temperature, a balance is reached when electrons are 
emitted from the filament at such a rate that the force on those near the 
filament due to the space charge cancels the applied electric field 

As higher and higher voltages are applied, a greater and greater number of 
electrons is transported each second across the tube until ultimately all the 
electrons emitted bj the filament reach the anode As already noted we have 
then the saturation current Hot filament x ray tubes may therefore be 
designed so that control of the tube current is exercised m two ways (a) by 
total emission of electrons from the heated filament, (b) by the utilization 
of space charge If the applied voltage is sufficiently high to ensure satura- 
tion current, the tube current 
depends onlj on the temperature 
of the filament, that is, on the 
total electron emission In this 
case the tube current is readily 
altered by changing the filament 
current, whose magnitude is read 
off the ammeter in the filament 
circuit It IS, then, highly de- 
sirable that the operator of a 
particular tube should know the 
tube (saturation) current corre- 
sponding to each ammeter read- 
ing Such information he can 
readily obtain for himself by tak 
ing, for each of several filament 
current values, the saturation tube current He will then have a table similar 
to Table X (a copy of some actual results taken from an early paper by Dr 
W D Coohdge) 

By plotting these results an extremely useful curve similar to that m Fig 56 
will be obtained Figure 57 is a copy of a similar curve for a Universal tube 
taken from advertising literature 

When a tube current is controlled by a space charge, it must be operated on 
the curved part of the graphs reproduced in Fig SS In other words, the fila- 
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merit temperature must be suffiaently high that, within the range of voltages 
utilized, saturation current is never attained 


Table X 


Filament Current 

Tube Current 

3 09 amp 

0 6 ma 

3 31 

25 

340 

44 

3 50 

82 

3 57 

12 6 

3 67 

207 

3 65 

21 8 

3 71 

270 

4 13 

35 4 


Although in emission control an increase in voltage beyond the value neces- 
sary to produce saturation does not alter the magnitude of the tube current, 
It does alter the nature of the beam of x-rays (See 
section 110) Moreoser, an increase m voltage 
beyond this point means an increase in the electrical 
power supplied the tube Care should be exercised, 
therefore, not to exceed the maximum voltage and 
maximum power which is safe to use with a particular 
tube (See section 67 ) 

63 Voltage Stabilizer — In connection with 
the relation between filament current and tube cur- 
rent It IS important to note that a very slight change 
in the filament current may produce a big change 
in the tube current If we take some actual numbers 
from the curve of Fig 57, we see that with filament 
current 4 amperes, the tube current is 40 ma , while 
an increase to 4J amperes raises the lube current to 
100 ma This has an important practical aspect 
Should the filament current fluctuate, there will be 
Fic 57 Graph sowing changes in the tube current — as much as a 

that a slight change in 25 per cent change for a 1 per cent change m filament 

in tube current ft Storage battenes are used as the source of supply 

filament arcuit, voltage fluctuations are negli- 
gi e Unfortunately, however, storage battenes are not so convenient as a 
filament transformer, and the Litter is almost entirely used The supply for 





VOLTAGE STABILIZER 7S 

the transformer is commcrcnl A C , and m this Case voltage fluctuations are 
inevitable. Most readers will have observed a sudden dimming of incandescent 
hghes when, perhaps in another part of the house, an efectnc iron or toaster is 
turned on The voltage applied to the lamps has lowered because of the 
greater “ load ” put on Now, such sudden changes in voltages are almost 
inevitable w hen working with a supplj used for many purposes and m many 
places In using a hot filament tube with filament transformer, therefore, 
and with no special means for getting nd of voltage fluctuations, marked 
changes m inilliamperagc may occur 


impedance incre ases (or decreases) m step with an increase for decrease) in 
Voltag e wilt maintain a constant current in any ordina ry circuit For example," 
there is a tjpc of lamp (using iron wire in an atmosphere of hydrogen) which 
gives the same current for a wide range of applied voltages This is because 
the resistance of the lamp increases with nse in temperature and hence with 
an increase in the power supplied In this speaal lamp the increase in resist- 
ance just compensates for the increase m voltage This pnnciple of adding 
resistance when the voltage goes up, is utilized in the Kearsley Slabiltzer 
This stabilizer, designed bj Kearsley of the General Electric, makes use 
of a mechanical device which automaticnlly throws more resistance m the 
filament circuit when the voltage rises and cuts out resistance when the voltage 
drops The stabhzer in actual use is not cjuite so simple as that shown in 
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Fig 58, but this dngram will make clear its basic principle It will be noted 
that the filament circuit includes the secondary of the filament transformer, 
the filament itself, and a resistance R in parallel with a branch APB of very 
low resistance This branch circuit is sometimes open, sometimes closed, 
because it contains an interrupter, similar to the hammer break of in induction 
coil, controlled bj the electromagnet M m the high tension tube circuit 
When a tube current is flowing, M is magnetized, the soft iron piece C is 
attracted, and the contact at P is broken provided the pull on C is great 
enough to overcome the tension of the controlling spring S The greater the 
tension of this spnng, the greater the tube current necessary to separate the con- 
tacts, or, for fixed tension, the farther away the electromagnet, the greater the 
tube current 

Considering now the filament circuit as a whole, we see that it has two 
possble resistance values (1) a high value, when the contact at P is open 
and the resistance R is the only path between A and B, and (2) a low value, 
when the contact is closed, and R is shunted by a very low resistance In 
actual use, when the electromagnet and 
the spnng are set for a desired tube 
current, and the circuits are closed, the 
interrupter is in a state of rapid vibration, 
the resistance of the filament circuit alter- 
nating between the high and the low 
values There is then a resultant average 
value for the net resistance and hence with 
steady applied voltage, both filament and 
tube currents remain constant If the line 
voltage suddenly increases, the milliampcr- 
age through the tube does not increase 
because the high resistance R is thrown m 
{or a longer portion of the total time and so 

12r«rcrnt>anationinvolMgeonihe thus compensating for the rise in voltage 
On h-.nJ, .f the >olf.ce drops, 

the contact points at P remain dosed for a 
longer fraction of the time, the averate filament resistance becomes less, and 
once more the tube current remains constant 

The Kearslej stabilizer, it will he noted, maintains a constant tube current 
b) automatic control of the filament current The comianl voltage stalilizer, 
another l)pe which m vime respects n more su table for the tjpe of x-ra> 
apparatus noss on the market is so designed that, when a fluctuating line 
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voltage IS applied to the input side of the stabilizer, an almost steady voltage 
can be taken off the output side A good stabilizer of this kind shows a 
sanation of only 1 per cent m the output voltage when the input fluctuates 
as much as 12 per cent It is not easy for anyone not trained in electneal 
engineering to understand fully the operation of this type of stabilizer, but 
the diagram in Fig 59 will give a general idea of the arrangement used 
Tor this diagram the author IS indebted to Mr VV C Baldwin, manager of 
the Engineering Service of the General Electric X ray Corporation Mr 
Ihldwnn states that their product, “The Universal Stabilizer, as most other 
stabilizers basically consists of a saturated core reactor and an air gap reactor 
run well below saturation ” 

64 X-Ray Protection and Metalix Tube —Although a detailed 
discussion of the properties of x-rays has not yet been given, probably all 
medical students are aware that unwanted x-rays falling on the body of either 
patient or operator may have senous mjunous effects It is very necessary, 
therefore, to provide adequate protection against such rays To do this 
many precautions muse be taken (see section f 13), but obviously the first step 
1 $ to see that, if possible, the beam of rays leaving the tube is restneted to a 



narrow bundle To some extent this can be accomplished by surrounding 
the bowl of the tube with some material which absorbs all or nearly all the 
rays which strike it An opening, of course, must be left to allow the passage 
of the useful cone of rays Some of the earlier tubes were so covered with 
a protecting covenng of rubber impregnated with lead oxide, lead being an 
excellent absorbing material for orduiary x rays, or with a protecting bowl 
of thick lead glass 

A radical departure in x ray tube protection and in tube design was embodied 
in the so-called metahx tube, first put on the market by the Philips’ Gloeilampen- 
^abneken X-ray Works Holland Although Coolidge, as early as 1915, 
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had experimented with a metil tube, the mctnlix was the first which used 
the pnnciple of metallic protection in the tube itself, to be put in tlie hinds 
of radologists The mam features of this t>pe wii( be understood bj i 
study of Fig 60 ind Fig 61 which shows its general appearance The 
tube consists essentially ol a cylinder of chromuim-iron alloy, B, in I ig 60, 
which at each end is sealed to the re-entrant glass cylinders G,G A window 
W placed opposite the target permits the passage of all but the softest x-rayS 
The protection provided by the central metil cylinder is greatly increased by 
a layer of lead which surrounds it In addition, the somewhat massive anode 
and the cathode ass St in cutting off unwanted rays, particularly longitudinally, 
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and a layer of bakelite, which forms the casing of the whole tube, adds more 
protection At the same time this casing shields the bright light of the 
incandescent filament and mechanically is a protection to the glass 

The General Electric X ray Corporation have a tube, somewhat similar 
in appearance, m which an all glass cylindrical envelope is surrounded by a 
removable casing, providing both protection and insulation 

65 Line Focus — The metahx tube introduced mother new feature in 
x-ray tubes, and that was the use of a linear instead of a circular spot, a sug- 
gestion onginally made by Goltze To understand the significance of this 
change, the student must be clear about two points The first has to do with 
the intense local heating generated at the focal spot (Recall section 55 ) 
Concerning this it should be evident that the larger the area over which this 
heat IS developed, that is, the larger the focal spot, the lower the resulting 
temperature and the less the danger of destroying the tube The second point 
concerns the relation of the size of the focal spot to the sharpness of the picture 
when the shadow of an object » observed on a fluorescent screen or a photo- 
graphic plate If the student will think of x-rays as invisible light (as indeed 
they are), he will realize that the smaller the dimensions of the source of the 
beam the sharper the shadow picture of an object, unless it is a fiat one placed 
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close to the screen or plate Figure 62, which illustrates the point, will be 
very familiar to anyone who has taken a course in elementary light For 
sharp detail, therefore, the focal should be as small as possible 
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But if the focal spot is very small, the power input (the “load “ on the 
tube) must be kept small because of the temperature effect, and frequently 
It IS not desirable to restrict the power For example, the smaller the power, 
the longer the exposure when x-ray photographs are made, and in many cases 
it 18 necessary to have short exposures 

Designers of x-ray tubes, therefore, were faced with the problem of com- 
bining sharp shadows with short exposures, 
or in ether words, of retaining the equivalent 
of small focal spots with adequate power 
input The problem was solved m two ways, 

( 1) by the use of a Itne focal spot, as in the 
metalixtube, and (2) by the use of a rotating 
anode (see section 66), 

In the metalix tube, and many others since 
placed on the market, a linear filament is so 
placed in relation to the surrounding cathode 
that a focal spot of the shape vfS, Fig 630, is 
formed on the face of the target TT', this 
face being inclined to the axis of the tube at 
an angle of 7 1 ", not the 45*’ previousl) used 
wub. cirrjjlar siyitA Now, althnugji the actual leng,th. of the focal spot is 
several times its width, to an observer looking along the central part of the 
beam of x-rays, its effective length, in so far as its ability to cast shadows is 
concerned, is only CD Thus, although the “ictual total 
illustrated in Fig b'ib, its effective “ shadow-castinj 


.. represents the actual 

area of the focal spot, CD the pro- 
jected area looking along the dotted 


Because of tlie greater nctual area, it is possible to use 


of the spot IS as 
area is more like Fig 
efectnc load on 
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the tube considerably greater than when a spot of actual area Fig 63c is 
formed on a 45° face target 

66 Rotating Anode — To permit the use of still 
y higher amounts of power, tubes with revolving anodes 

f ^ \ \ have been designed by the Philips* X-nj Works, the 

[ I \ I General Electnc X-ra) Coiporation, Machlett Labora- 

\ \Y j \ tones and others In tubes of this kind, although the focal 

\ ^ J spot IS stationary and of the rectangular shape shown by 

^ the black spot A in Fig 64, because the anode is kept m 
rotation, the area over which heat is developed is the 
annular space shown m this figure hj the dotted circles 
jf, jhg General Electnc tube illustrated in Fig 65 and 
Fig 66, a disc of tungsten is rotated at a speed of 3000 
^'ardes r^esenrihe P ^ by an induction motor whose stator is outside the 
bevelled edge of a evacuated part of the tube The electron beam stnkes the 
bnnr*the'‘'’a«ud e<Jg« <•! this disc, clearly shown m Fig 65, giving 

area of the focal nse (along the center of the useful beam of rnys) to an 
e/cctitic spot which, m one tube, IS 2 mm X 2 mm when 
the actual area over which heat is produced is 7 mm (the length of the actual 


spot) X 190 mm (the mean circumference of the annular area) With such 
a tube, therefore, high power inputs are possible without losing the advantages 
of a small focal spot For example, with a certain tube of this type, with an 
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Fic 65 A rotating anode tube 



Tig 66 D agram showing the essential features of a rotating anode tube 
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effective focal area as small as 1 mm X 1 mm , it is possible to use the same 
^Ker input and same exposure time as for an effective spot of 3 8 mm X 
3 8 mm with a stationary anode 

V'67. Rating — From the preceding sections, it should be endent that it is 
highl) desirable to know the maximum power which may safely be supplied 
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Pic 67 A radiator x ray tube 



ClorUompfui'certrlr* irwt» 
Flo 68 A water cooled x ray tube 



Courtar Omt'oI Elearte X-tV Ctrremion 

Fio 69 A water cooled x ray tube 


to a tube, as w ell as the time this or anj lesser amount may be used This is 
what IS meant by rating 

In considering this question the student should realize that only a very 
small fraction of the total energy supplied a tube goes into the energ) of the 
X ray beam The remainder, which goes into heat, is a “ dead loss,” and, 
as we have already pointed out in sect on 55, steps must be taken to remove 
that heat sufficiently rapidly to prevent injury to the tube In that section 
reference has been made to most of the ways in which rapid rise m temperature 
IS prevented Note again Figs 61 and 67, in which the tubes are equipped 
with radator fins to disspate the heat conducted along the anode, and Figs 
68 and 69 illustrating tubes provided with water coolmg Note, also Fig 70, 
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^vh,ch shows clearly a massive blackened coolmg sphere at the end of an anode 
which itself has a high thermal capacity The student will recall that b i 
bodies are good radiators, and that the higher the thermal capaaty of a sub- 
stance, the lower the temperature nse for a fixed amount of heat 

The actual quantity of heat developed is directly proportion'll to the total 
energy put into the tube and that, it will 6e remembered, depends on the 
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Fio 70 An X ray tube with a massive anode and blackened coobat sphere 

product voltage X current X time (Recall Vlt joules in ordinary circuits ) 
If, then, a radiologist is told that a certain tube can be sifcly operated for 30 
seconds, at 85 kilovolts peak (Kv P ) with a current of 30 ma , he has a 
rating which is simple and definite But it does not give enough informttion 
He may want to know how long the tube may be used with 5 ma at the same 
or some other Kv P , or he may wonder how the rating is altered when a 
change is made in the operation of the tube from a constant voltage generator 
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Fig 71 A typical ranng chart. 


to one m which energy is utilized only m ilternite half-cycles (see next 
chapter) 

Modern pract ce gives the answer to such questions because the manufacturer 
supplies charts from which exposure times can be read off for corresponding 
voltage and current values, i separate chart being supplied for each type of 
supply equipment, such as full wave, half wave (Again see next chapter ) 
F igure 7 1 , taken from General Electric literature vs an example of one of the 
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actual charts for the Coohdge Tube unit DX2-4 5 It applies when a 
2 0 X 20 mm focal spot is used and the tube is operated on full wave 
rectified equipment To make sure that he understands the use of such a 
chart, the student should check the values given in Table XI These are 
read off one of the graphs of Fig 71 


Table XI 


Kv P 

ma 

Exposure Hme 

100 

60 

1/20 sec 

86 

60 

1/5 

70 

60 

1 

54 

60 

5 

40 

60 

20 


It IS important to note that, although the exposure time in the first line of 
this table is 400 times less than that m the last line, the power supplied the 
tube IS only 2i times greater In other words, it is a bad mistake to assume 
that if It IS permissible to expose for I second with a certain amount of 
power, that five times that amount could be used for a fifth of a second 
Time must be allowed for heat developed to be removed, hence a greater and 
greater limitation is placed on the permissbfe power the shorter we make 
the exposure 

68 Shockproof Tubes — In section 64 reference was made to the 
necessity of protecting a tube so that x rays do not leave it m unwanted direc- 
tions Protection against electrical shock arising from contact with high 
tension wires is equall) important For a great many years both the electrical 
leads to a tube and its terminals were unprotected and there was alwa}s present 
very real danger of bad electneal shocks to patient and operator because of 
accidental contact with these conductors Nowadays, although this danger is 
still often present, many tubes arc shockproof, that is, they are so protected 
that It IS perfectly safe to put one’s hand on the casing in which the tube is 
housed 

Figures 72 and 73 illustrate the general appearance of two such tubes 
The means of providing protection is extremely simple The tube proper ts 
enclosed in a metal case which is grounded, and the high tension leads to the 
tube are surrounded by heavy insulating matenal around which a flexible 
grounded metallic casing is wrapped 

69 Oll-immersion — The design and general arrangement of the 
earthed casing of a shockproof tube must be such that there is no dan'^er of 
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breakdown sparking between anj high tenson part of the tube and the sur- 
rounding casing In Fig 73, a Philips’ tube, this is done by suitable design 
cf the parts In Fig 72, a General Electnc tube, the space between the tube 
and the casing is filled with oil, the whole being hermetically sealed Because 
of Its insulating properties oil mimmzes the space necessary bemeen high 
tension and earthed parts The use of oil also makes the arrangement inde- 
pendent of atmospheric conditions and, moreover, ‘ o 1 is superior to air as 
a heat absorbing and cooling medium ” 

In this connect on it is interesting to note that the General Electnc Corpo- 
ration have units in which not onlj the x ray tube, but also flic higJi loltigc 
equipment, transformer and all, arc enclosed m oil in a grounded container 


70 Low Voltage Tubes — A tube operated on voltages of the order of 
50,000 volts has been desij,ned largely because of the work of Chaoul, for 
the treatment of both malignant and nonmalignant skin diseases The im- 



Fio 74 The target and treatment end of a 
Chaoul therapy tube 


portant feature of the Chaoul tube is the anode end The electrons, indicated 
by the dotted lines in Fig 74, pass down an earthed metal cylinder and strike 
at Its far end a target T, made of gold plated nickel only 0 15 mm thick 
Water circulating in a narrow region around the target end of the cjlinder 
effectively cools the target Because of the extremely small thickness of the 
target the x-rajs generated pass through it with slight absorption, as well as 
through the 2 mm th ckness of water between the target and the outer wall 
IF A conical appl cator CC si pped over the end of the tube rests on the 
skin of a patient, the ra}s striking the skin at focal distances of only a few 
centimeters 

In Chapter X information wiH be given concerning the connection between 
the kind of ra)s leasang an) type of tube and the applied aoltage In the 
Chaoul iherap) tube the voltage is of the order of 10 000 volts 

71 Low Voltage Tube Emitting Rays of High Intensity — 

\lichlett Laboratories, Inc , recently hive put on the market an x rai tube 
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designed to produce x-ray beams of intensities thousands of times greater 
than any which have been described in this chapter A brief reference wdl be 
made to one or two novel ideas utilized in this tube, a photograph of which 



Cmnejit MaeMtu Inc 

Fig 75 Photograph of a low voltage high power tube of new design 


IS reproduced m Fig 7S The dome at the extreme end of the tube, repre- 
sented by DD in Fig 76, is an approximately hemispherical window made of 
the metal beryllium, a matenvl which, as will be seen m Chapter X, absorbs 
X rays of long wave lengths to an extremely slight degree. The ber)l- 
hum window is at ground potential and is 

! | in electrical contact with the cathode 

^ I which IS a heated filament, annular in 

1 shape, being represented by CC in Fig 

n I I-. 76 The water cooled anode // is at a 

— 5^^, [ ” _ potential of some 60 kilovolts above 

"'"Se V V* ground, the face of the target T extend- 

I / 1 beyond the level of the cathode 

1 / 1 ^ 1 Because of the electric field between the 

/ I * positive anode and the negative cathode 

T (and window) the liberated electrons 

Cmn ,1, LaioratMes Ine ^ i , , r 

T. ,, „„ traverse a path somewhat as shown by 

Fig 76 DD represents the dome of the j j I , ... 

tube shown m Fig 75, CC the cathode, aotted lines in the figure, hitting the 
r the target target at the focal spot Bv varying the 

The black spot at the cop is a pnhok a f. . , ^ j k ^ 

photogriph of the foctl spot distance between the target "ind the win- 

dow, the nature of the focal spot can be 
altered The black spot at the top of Fig 76 is a pmhole photograph of 
the focal spot for one arrangement Antcipating liter work on dosage, 
we may mention m passing that, with a tube of this kind operated at 60 kilo- 
volts ana a current of 100 ma the manufacturers estimate that intensities 
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of the orilcr of S million roentgens per minute are obtained, over an area 
of 25 sq cm. H) way of contrast, dosage values in Chioul therapy are of 
the order of lOO roentgens per minute at a distance of some 5 cm from the 
target. 


PROBLEMS AND QUESTIONS 

1. Compare the hot filament a*ray tube with the gu x ray tube with respect to (i) 
degree of \acuurn, (ii) origin of electron^ (ui^ cooirol of current 

2 WTiat IS the chief advantage of a line focus over a circular focal spot whose 
diameter is equal to the width of the line* 

3 ^\’hat methods are used to keep the target of an x-ray tube cool? Why is this 
disirable* 

4 What arc two special features of the metalix x-ray tube? 

5 Describe very briefly three means which are utilized for keeping down the tem- 
perature of the target of a tube 

6 Discuss the blackening of a gas tube with reference to ifJ causes and the mesns of 
lessening it 

7 Discuss the relation of the sue of the focal spot to (i) the power which may be 
supplied to a tube, (ii) the character of the radiographs taken, (iii) the question of 
treatment 

S. iVh) should a target of an x-ray tube be of high atomic weight* 

9 When a hot filament lube u in good condition and 100, 000 tolls are applied across 
Its terminals, the filainent circuit not on, what should the milliampere meter read* If in 
such a case a glow were observed in the bulb, what conclusion would you draw * 

10 IVhat II meant bj Mfuration tolie current* 

It What effect hii increasing the voltage across a hot filament tube on the tube 
current* What effoct in the case of a gas tube* 

12 What connection is there between the focal spot and the input of an x ray bulb* 

W bj may much larger x raj tube currents be used for a short time llian for long periods* 

n Describe as fully as you can the essential features of a good modern x ray tube 
suitable for general diagnostic work 

14 W’hat arc the special features of the Chaoul therapy tube* 

15 W’hat IS the special aiivantage of the rotating anode tube* 

1 6 Make a diagram to illustrate the principle of a stabilizer by means of which a hot 
filament tube current may be kept constant 

17 A slight increase m the voltage applied to a Coolidge tube in general does not 
change the tube current, whereas a slight change in the filament current may cause a 
marked change in the tu^ current Explain the reason 

18 In a hot filament x ray tube, explain (i) two methods of obtaining the equivalent 
of small focal spots with adequate power input, (ii) two mefliods of keeping the target 
cool 

19 Find the number of eleclforw nhicb hit the target of a hot filament x-ray tube 
m 2 seconds, if the tube current is 20 mi 

20 Same and explain two ways of utilizing an increased amount of power m an x ray 
lube without enlarging the effective size of the focal spot 
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72 Self-rectifying Tubes — We Ime ilrci.l) empInurcJ lint elec- 
trons Icrve 1 hot rilinunl ...il) »hcn II is iie^itise. Hence, if n liihe such ss 
the Umierssl Coolnige is plniJ iliricll) icr.iss the high tension tecmimll of 
n tnnsformer, current ordmtnlj 
passes onl) when the end of the 
secondar} of the tnnsformer tth«cli 
IS unched to the mode, js pi>siti\c 

In the next half c>dc, sshen this T f \ 

end IS negiiuc, no current pisses < | 

Provided certain precautions arc 5 | 

observed thercfc re, a ihIk sin act 2 I 

s Its o\sn TcclifieT, and so be used 




sviththesintplearrinEemcntshossn >■“ ” An , r., toke.enej esttiowi, r«t.S.r 
in Fi^ 77 This is knoisn ns sfl^TeettfitAiton In I 78 graph (<») repre- 
sents the theoretical naic-form of tht \olta_c applied to tlie lube, and {h) 
shows the theoretical* correspondint. tube current Note that it is internnltcnt 
but unidirectional 

In actual practice, in the great majorit) of cases, it does not do to let a 
tube act as its own rectifier As we hate nlreid) pointed out more than 
once, the focal «pot on the target mi} become \cr) hut In the Unnersal 

tube, the whole inode sometimes becomes white hot Now an} metal 

emits thermionic electrons it high temperatures, hence, if in altcrniting high 
tension potential is applied to the tube, there is ilwa}S the danger that, during 
the half-cycle when the mode is negitise, it will emit electrons due to a high 
temperature Such an emission is disastrous to the tube In addition to 
causing the liberation of unwanted x-ri}s from places where these electrons 
strike, this beam from a hot anode may destroy the lube by the damage it does 
on impact More often than not, therefore, hot filament tubes are operated 


* By means of osc Uographj ihe actual form of the curse can be obtained Although 
It departs somewhat from the smooth type of curse shown in Fig 78, the form of the 
current graph obtained by the oscillograph si osvs clearly the suppress on of each half 
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<». volwst „)„ch , 1 , 

ihc \ ah c tj pc, not the mechanical rotating disc desenbed m section 1 9 




I >> 

Flo 78 In seir reeiilieattoR, or half wave tube current flow* only 
in atreraiM balAeyeles 

73 Valve Rectifiers — As lonc^go J9J5 Dr Saul Dushmon, of the 
General Electric Reseircti Labontorj, designed a rectif>ing valve for use m 
x-ra) circuits, to which tlie name iet$oiron was giverj The simple arrange- 
ment utilirmg a rectif)mg valve is shown in Tig 79, where a single valve V 
IS in senes with the secondary of the 
high tension transformer and the 
tube T Jt IS well fo note that, in 
order to avoid confusion, in all our 
diagrams we represent a valve by a 
circular diigram and an x ray tube 
by a c) Imdncal one Actually they 
maj both be cjhndncal in shape 
Although in one sense a rectifying 
valve and a hot filament x-ray lube 

‘'‘^Sl=ST?,s^'rh“Ss”/• »■' '“k "'f 

an anode and a hot filament cathode 
and each perm/ffing (he ffow of eketmns only when the fi/amenf k AoC and 
when It IS negative, nevertheless there are important differences A tube is 
primarily for the production of x rays, whereas in a good valve, x-rays must not 
be generated To avoid their production, the electrons must not be allowed to 
cross the valve at high speed, or, m other words, the voltage drop across the 
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72 Sclf-rcctifymR Tubes — Uc lute alrratl) empfu' /n! that tire- 
trmxs leave a hot filanirnl •m\) when it »' nepJlivr. Prtur, » tvil'C mk!v a' 
the Univcrvil t,»xilKlt,e w plue.l vhrntlt acf«fW the ln^h triw n termmalv «>( 
a transformer, current «»r«lmanU 
passes onl) when the end of the 
sccondarj of the tratwformer w hich 
IS attached to the anode, is piwitivc 
Irt ihf net? halZ-^icJc, tht 
end IS negative, no current pavv« 

Provided certain preiavitmnv are 
iilvscrvcd, therchne a tube can act 
as Its «>wn reitifier, and vn he used 
with the simple arrainremcm chow n ?' An» tult •ctmB..itie*nr«i:fff 
in Fig 77 This IS known as ie//»rr. riA.»f«-*n In 1 i^ 7S {jraph (tf) repre- 
sents the theoretical w ive-form «d the v.lta^e applied to the tulve, and (/) 
shows the theoretical* corresponding tiiW mrrent Note that it » mtermiuent 
but unidirectional 

In actual practice, in the great majonts of cases, it does not do to let a 
tube act as its ovsn rectifier \s vse have alreadv pointed out more than 
once, the focal sjxit an the target mnj become verj hot In the Universal 
tube, the whole amide sometimes becomes white hot Novs anv metal 
emits thermionic electrons at hi^h temperatures, hence, if an alternating hi^h 
tension potential is applied to the tube, there w alvsavs the dancer that, dtinnC 
the half c)cle when the anode »s negative, it will emu electrons due to a high 
temperature Such an emission is disastrous to the liihe In addition to 
causing the liberation of unwanted x-ra)s from places where these electrons 
strike, this beam from a hot anode ma) destroy the lube bj the damace it does 
on impact More often than not, therefore, hot filament tubes ore operated 

• By means of oscillograph* the actual form of th« curve can be oblainr.l Although 
It departs somewhat from the smooth type of curve shown in Fig 78, the form of the 
current graph obtained by ibe oscillograph shows clearly the lupprcJion of each half- 
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on voltage which has been rectified, and invarubly the rectifiers used are of 
the vaUc t)pc, not the mechanical rotating disc described in section 19 




1 

Fio J8 In tube <om"l 

in dternite ha1l-c>clrt 


73. Valve Rectifiers. — As long ago as 1915 Dr Saul Doshman, of the 
General Electnc Research Laborator), designed a rcctifjmg va vc or us 
x-ray circuits, to svhich the name kenotron was given e simp e arran 
mem utilizing a rectifjing valve e Jh t[ie Lcontry of the 

high tension transformer and the 
tube T It IS VI ell to note that, in 
order to avoid confusion, in all our 
diagrams we represent a valve by a 
circular diagram and an x ray tube 
by a c}hndncal one Actually they 
may both be cylindrical in shape 
Although m one sense a rectifying 
valve and a hot filament x-ray tube 
are essentially the same, each with 
an anode and a hot filament cathode 
and each permitting the flow of electrons only when the filament 
when It IS negative, nevertheless there arc important i erences 
primarily for the production of x-ra) s, whereas in a good va ve, x 
be generated To avoid their production, the electrons must .-ro-s the 

cross the valve at high speed, or, in other words, the vo tage p 
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^-jlve must I c biinll This is nlso desinble, because the greater the voltage 
drop across a valve placed as m 1 ig 79, the less the voltage available for 
the tube 

In a good valve then, the aim is to pass a high current at a low voltage 
lo insure th s the valve must be so designed that the current through it is 
consderahly below the saturation value In section 62 , the meaning of 
saturation current for an x ra> tube was explained, use being made of the 
graphs of Fig 55 Kecause of the fundamental simihntj between a tube 
and a (vacuum) valve, the same type of graphs apply to a valve In fact. 



Fio 80 Characteristic curve* for two rect fying valves 1 metal x 2 glass 

Fig 80 taken from literature of the Pulps’ Metal x Compan), shows two 
similar j,raphs for two d fferent types of rectifying valves A glance at 
graph 1 will show that the valve to whch this applies will pass a current of 
300 ma when the voltage across it is less than 200 volts, a very small 
amount compared with tube voltages 

74 Types of Valves — The ongmal kenotron and the kind of valve 
first put on the market by the Phil ps’ X ray Works were simple diode tubes, 
consisting essentially of the filament (and flssoaated cathode) and the anode, 
m a highly exhausted glass container In some respects this arrangement 
proved unsatisfactory because with an unprotected filament, a negative charge 
collects on the inner surface of the glass walls and this makes the valve erratic 
m Its behavior To quote from General Electric literature “ this charge 
(the charging of the walls) produces a gnd acuon wh ch under variable circuit 
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conditions ma) produce a \ohagc drop as high as 10,000 to 20,000 volts” 
To overcome this defect, different devices have been used For example 
the General Electric now use “a c)lindncal anode with a spiral filament 
inside. Since the filament is thus surrounded, no negative charge accumu- 
lates on the glass container as all the electrons are caught by the anode 
Figure 81 is a photograph of a kenotron of this type 



Caurtar Onent Etearte Z-ti 

Fic 81 A kenotron (rectifying valve) with cylindrical anode 
surrounding a spiral filament 

The Philips’ Menlix Company have overcome the difficulty by making one 
end of the valve a metal c}lindnca! cap, which fulfills the double function 
of forming part of the container and acting as the anode This anode 
incloses the filament in all directions except in that o! the insulating stem 
which supports the filament ” The general ar- 
kxxx rangement is shown m Fig 82 In Fig 80, 
1 / curve 1 applies to a metahx valve of this sort, curve 

2 to one with a glass envelope, the filament current 
•MtTM m each case being the same The marked supe- 
riontj of the metalix valve is obvious 

Fig:ure 83 shows the external appearance of a 
valve of a different kind, recently put on the 
market by the Philips’ Company. In this tjpe 
residual gas is left in the valve and use is made of 
cumulative jonizition by collision Just as in the 
high vacuum Q'pe, electrons are emitted from the 
filament (of the dull emitter type) when it is nega- 
li\e, but the current is no longer a pure electron 
stream, for the gas is ionized by the colliding elec- 
■ trons On the reverse half-cycle, when the fila- 
ment IS positive there is no electron emission and 
no ionization In this type the manufacturer states that " the voltage drop 
across it remains constant at a figure of the order of 50 volts” and that 
“ hollow intermediate conductors, situated at mtervals along the interior of 
the discharge tube are interconnected by condensers which encircle the unit 
and perform the fiinct on of distributing the porential hy equal stages ahng 



Fig 82 _ 

fyirg valve with metal anode , 
surround ng the filament 
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the length of the valve” Currents as high as 1000 ma. arc possible with 
this kind of valve. 

75. Half-wave Rectification. — Attention has already been directed to 
Fig. 77, the simple self-rectified arcuit, and to Fig. 79, where a single recti- 
fying valve in series with the tube gives rectification and added protection 
To each of these circuits Fig 78 is applicable With the arrangement shown 
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FiG 83 A rectifying valve which will carry currents as high as 1000 ma 

in Fig 79, however, it is possible to use greater amounts of power than if 
the tube were its own rectifier. This figure illustrates the simplest case of 
kalf’wave rectification 

76. Full-wave Rectification. — Figures 84f» and 84i illustrate n t>pe 
of rectified circuit in common use, the so-called Graetz circuit In Fig. 84rt 



Fig 84 The Graetz aremt for full wave rectification. 

the arrows indicate the direction of the current during the half-cycle when 
the end A of the secondary of the high-tension transformer is positive, and the 
end B negative. Figure 84A applies to the alternate half-cycles when A is 
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negative and B poynve If the student wll reme/nher tint current will 
traverse a ^alvc only when the filament is negative, he should have no difficulty 
in showing that in Fig 84«, valves 1 and 4 arc not in use, or m Fig. 8U, 
valves 2 and 3, but that m each case current passes through the x-ray tube 
With this arrangement, therefore, use is made of each half-cycle, the theo 
retical form of the current being as shown m Fig 8S 



77 Tube Rating and Type of Rectification — In Fig 71 an 
example of a rating chart for a certain tube was given Now, as a matter of 
fact, the graphs in this chart were only applicable when this tube was operated 
on full-wave equipment, and, m the manufacturer’s literature, two other 
charts were given for the same tube, one applicable to half wave, the other 
to self rectified equipment In explaining why a different chart is needed 
for each type of equipment, it is instructive to look at a concrete case 
From the three charts supplied by the General Electric Compan} lor their 
RB 1-4 tubes (with small focal spot) one finds out that, when one of these 
tubes IS operated on 60,000 volts, with 20 ma current, the maximum permis- 
sible exposure time is 40 seconds for full-wave equipment, 1 5 seconds for half- 
wave, and 2 seconds for self rectification It is not difficult to see why with 
self-rectified use the same amount of power can be used for a much shorter 
time than with half-wave rectification Without the valve, there is danger 
of inverse current through the tube, once the focal spot reaches a certain 
temperature The presence of the valve, however, does not allow any current 
to flow even when the focal spot reaches th s or a higher temperature 

It IS not so easy to see why the permissible time for operation on full wave 
IS longer than on half-wave To understand the reason the student must be 
clear about the difference between the current recorded by the m lliammeter 
m the tube circuit, and the actual value it may attain in a half cycle Consider 
half-wave rectification, where the current is completely suppressed every alter- 
nate half-cycle, and where an osallograph shows the intermittent, pulsating 
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mtiire of the current, somewhat as m Fig 86, curve a The current changes, 
however, are much too rapid (remeniber that the tune of a half cjcle is 1/120 
second for a 60 cj cle per second suppl) ) to be registered by the moving parts 
of a millnmmeter, and this instrument records only a steady mean, of magni- 
tude considerably less than the highest values reached every alternate cycle 
In Fig 86 , the line h represents the steady mean current recorded by the 
milliammeter It follows that, if a milliammeter records, say 20 ma , the 



Fio 86 The line i represents the steady current recorded by a milliammeter 
in half wave rectification 

current through the valve and the x*ray tube may actually attain a value 
several times 20 ma — at least three times as great, according to information 
taken from Philips’ literature 

Now Consider full-wave rectification, as depicted in Fig 87 In this case, 
because current passes through the tube every half-cycle the mean milliam- 
perage is much nearer the peak value, this being only about one and a half 



Fio 87 The line b represents the steady current recorded by a milliammeter 
in full wave rectification 

times as greit as the mean Thus for a milliammeter reading of 20 ma , 
the actual tube and valve current may be as high as 60 ma for half-wave 
rectification, and about 30 ma for full-wave Hence, although the total 
power supplied a tube in each case may be the same (an average of 20 ma 
at a peak voltage of 60,000), m the case of half-wave equipment, it is given 
in “ doses ” which are much more intense, but half as frequent as in the case 
of full-wave. Since heat generated at the focal spot takes an appreciable 
time to be dissipated, this means that higher focal temperatures are reached 
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with half wave than with full-wave, with consequent shorter permissible times 
of tube operation 


78 The Use of Condensers with Valves. — Consider a circuit 
arranged as in Fig 88, w here C represents a condenser of fairly high capacit} 
and one capable of withstanding x-ray potentials During the half-cycle when 
IS positive and B negative, as in Fig 88a, current can flow both through 
the x-ra) tube and into the condenser, charging it as indicated m the diagram, 
the potential difference across the condenser being the same as across the tube 
Dunng the next half-cjcle, as represented in Fig 88i>, no current can flow 



Fio. 8S To illustrate the use of a condenser for applying an approximately constant potential 
across an x ray tube 

from the transformer because the negative end of its secondary is attached to 
the anode side of the rectifying valve During ths half cjcle, however, the 
condenser can discharge through the tube, with a drop in voltage which is 
small compared with the maximum potential to which it was charged To 
understand wh) the voltage drop is small, let us make an estimate using actual 
numerical values 

Suppose the average tube current dunng this discharge of the condenser is 
20 ma and that the capacity of the condenser IS 0 1 microfarad Then dur- 
ing a half cycle of 1/120 of a second, the quantity of electricity which leaves 
the condenser 
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But, since the capacity of the condenser ■4'"^ or lxlO-« farad, if F is 
the voltage drop, the quantity of clectnaty which leaves the condenser also 
= X 10“* X V coulomb. 

1 


r = 1667 volts 


Compared with the peak voltage developed in the secondary of the trans- 
former, this IS slight 

With the above arrangement, then, the voltage applied to the tube will 
remain moderately steady, somewhat as represented m Fig 89, a cop> of a 
diagram published by Watson and Sons (Electro-medical) Limited, London. 
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Fic 89 With the arrangement shown in Fig 88, the drop in tube voltage is slight 

79 The Greinacher Circuit — In the above arrangement we have 
noted that during every alternate half-cycle the transformer does not suppl) 
any power to the circuit Actually condensers and valves are <used in less 
simple arrangements The Greinacher circuit shown m Fig 90 is an example 
of one arrangement which has been widely used In it, by the use of two 
condensers and two valves, (1) the transformer is utilized every half-cycle, 
(2) the voltage drop across the tube is dight, and (3) approximately twice the 
transformer voltage is applied to the tube. 

By reference to Fig 90, it will be seen that, during the half-cycle when 
A 15 positive and B negative, condenser is charged to the maximum voltage 
developed in the secondary of the transformer, whereas on the alternate half- 
cycle, when A IS negative and B positive, C* is similarly charged Once the 
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conden^rt nrc clnr’cd, rtiik of them can «nd i current through the x-ra} 
tuhe, since m the circuit 1 24 3 the condensers and the tube are in senes 
Moreover, just is exph ned m the previous section, the vokige drop m each 
hilf-c)clc will he slight Agiin, since each condenser is charged to the trans- 
former Voltage and the two are m senes with the tube, the tube voltage is 
approximate!) tw ice that of the transformer. 
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80 The Villard Circuit — This circuit, also widely used, is illustrated 
by Figs 91 and 92 By means of it double the transformer \oltage is applied 
to the tube, but the tube current is not continuous as m the Grcimcher arrange- 
ment As will be seen by a stud) of Fig 9\a, during the half-cycle when 
A is positive and B negative, current can pass through the valves, the con- 
densers consequent!) being charged as 
indicated On the reverse half-cycle 
as shown in Fig 9 1 b, current cannot 
pass through the valves, but each 
condenser can discharge through the 
tube, while at the same time, the 
voltage developed in the secondar) of 
the transformer is also in the nght 
direction to cause a tube current 



Fio 92 A port on of the Villard arcuit Since the two condensers, the second- 
Jhstrat n, thj h.lf cycle in which boib ,„„s(ornier, and the tube 

condensers and secondary of transformer ^ ’ 

cause a tube current are all in senes, as can be seen m 

Fig 91 A or Fig 92, the resultant 
voltage causing a tube current is equal to the sum of the transformer voltage 
plus that across C, plus that across C, 

Now, in a simple circuit such as shown in Fig 93, where two condensers 
of equal capacit) are joined m senes with a battery, the voltage drop across 
each condenser is just one half the E M F C C , 

of the battery In Fig 9 la when the 

current is passing through the two valves I ' ’ 

with the condensers in senes, we have es- 
sentially the same circuit the secondary of ^ ■§“ 

the transformer replacing the battery The 
condensers, therefore, are each charged to 
a voltage of F/2, where V is the effective E 

voltage developed by the transformer I |]|||||| - 

Hence, in Fig 9 1 i the effective voltage I “ I " ‘ * > 

applied to the tube is V A- V A- V /O Fic 93 When two condensers are in 
or/ T n< I r ^ senes with a battery of E M F volts, 

or zv figure ^4, taken from valve the potential difference across each 

literature by the Philips’ Metalix Com- condenser is E/2 volts 

pany, is an actual oscillographic record showing the changes in tube current 
m a Villard circuit 


It will be noted that two valves are used in the above arrangement Actu- 
ally this IS not necessary and in the onginal circuit, only one was used It was 
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foiintl, houcvcr, thit hy u^ng mo \alves, witli grounding and the balanced 
nrrtnsemcnt of Fig 9l, more mlisfactor^ operation was obtained, and, more- 
o\cr, the circuit was more suitable for use with shockproof tubes 

\Vc liaic hj no niea/ts cvhiustcd the tapes of rtctif)ing circuits, but, as 
the aim of this book is to explain pnnaples rather than give exhaustive tech- 


Cmutnt nill^$ Uaallx 

Fir 94 An actual o^illoitrani of tube current »hen ordinary 
inetalii tube i« operated by 4illard circuit 


nicil details, it is considered that enough has been given to make clear the 
fundamental ideas So far, too, we have confined our attention to arrange- 
ments and doices used for ordmar) diagnostic and moderate voltage therapy 
circuits W'e base stiK to discuis ultra high voltage arrangements, but, before 
doing so, It IS advisable to consider m detail the properties and nature of x-rays 
themselves 


PROBLEMS AND QUESTIONS 

J Mike a fully lalfled diagram of the clccirical connectioni tn an » ray tube outfit 
which utilize* the following feature* (i) auiotranjformer control! (ii) a four valve 
rectifying arrangement (the Craetz cinruit)( (ui) a hot filament x ray tube, (iv) a 
filament current amnicCcr (for * ra» tube) , and ft ) a millammftcr in tube circuit In 
dicate by arrow* the current path in the tube circuit during one half cycle 

2 Exj Uin, with the aid of > mple diagrams, the difference between self rectification, 
half wave rectification, and full wave rectification 

3 MTiy IS a rectifier des rablc in operating a standard universal Coolidge tube but not 
necessary for the radiator CooJidgr luhe^ 

4 Under what circumstances can a very high vacuum be made conducting’ Describe 
the mode of conduction 

5 Explain by means of a simple d agram, the use of 0) ^ mechanical rectifier for 
high tension v oliages (ii) a single vaUe hot fibment rectifier What is the difference in 
the nature of the tube current* for the two cases’ 

6 With the aid of diagrams describe and explaui a rectifying circuit for an alter- 
nat ng high tens on voltage, (i) os ng every half cycle, by means of a single valve and 
a conlcnseri and (ii) using alternate half cycle*, but (approximately) douhling the 
transformer voltage 
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■ \ ^ It fiai’ rnt tuk*’, wh<i<e filament is heated bj a step-down transformer, is oper- 

it'vi b\ a hi“h t mi' n traniforrmr, with autotransformcr control, and sMth a Vilbrd 
rr<n fur" arran^mi-ni Make a complete dnirram of the electrical s>stcm 

I \ cc'"i‘‘-rwr "f a cipaniance 1/10 microfarad is charged to 200,000 soils. It 
lien r-air'iim an average curreni of 10 ma through an x-ray tube for 1/100 second 
1 n I ihr soliigr ai fi«,s ihc ciin(ien«et at the end of this time, /Ins. 199,000 volts 

t W ith the aji) Ilf luij iJiagrains, one for each haJf-cjcle, shosv how a condenser maj 
le CO nb "■•d n iih a iirglc rcitifymg valve and transformer to maintain an approximate!) 
I— ads voltage acfosi an x ra) lube 

10 \lalc a d agram showing the essential connections when an x-ra) tube u operated 
t-y a irarifnrnirr reclined lis a Greinasher circuit 

II \ hot filament x ri) tube is operated with a full-wave rcctifjmg arrangement 
T>' I’D arrm- (he pnmir) of th' high tension transformer is controlled b) a rheostat 
ar 1 all hit flanenij are healed bv step-down transformers Make a careful diagram 
»‘-'>wing all eivfitial cinuits 

12 NIake a diagram of rhe circuit >oii vxould use to obtain the characteristic curtc 
(that ,1. it.1.r current against voltage) for a diosle value or a redifving value Indicate 
ih' raiuff of the eurve vnu would obtain 

IJ Male a complete diagram showing the csvniials of an x-ra) high tension circuit 
• I'h ii,*ntra“ifiirnief ssintrol of \s>liage and a /«//-ts<j»r rectif)ing circuit 

1* Make a Ulrled diagram showing the essintial conncstions, when a hoe filament 
i-rat iu'»^ 11 up-rated, with autoitansforiner sontro] of voltage and the (jrcinacher 
ctiei art psi’rniial circuit ihow <<>iii||eic filament and primary circuits. 



CHAPTER VIII 

HIGH FREQUENCY CURRENTS AND ELECTRIC WAVES 

81. Classification of Currents — In chapter a shcsrt account IS 
given of the tnems of generating rapidly oscillating currents, a subject which 
IS of importance because of the therapeutic use of such currents and also because 
the) are fundamental m the generation of elccfncal waves X-rajs, as will be 
seen later, are a special kind of electric wares At the outset we summanze 
the various tjpes of currents with which a student of radiology should be 
familiar There is first of all the broad classification, used by the practical 
electrician, into D C and A C , that is, into unidirectional and alternating 
currents Under DC we include the following 

( 1 ) The stead) current which is mainta ned in a simple circuit by a con- 
stant source of E M F such as a storage batter), or a D C dynamo, or any 
good cell Such a current at one time was designated galvame, the term gaU 
vanum bong ippl/ed to rbe use of such currents 

(2) Intennttteni unidirectional current, such as that through a self rectified 
x-ra) tube, or a tube operated h> a transformer with mechanical rectifier 

(3) Pulsating direct — This kind is somewhat similar to an intermittent 
current, except that m pulsating the current need not necessarily drop to zero 
between places of maximum intensit) A pulsating current can be obtained b) 
the use of a mechanical device whereby resistance is regiilarl) taken out of a 
circuit or added to it 

(4) Pnmary jaradte — This is the name sometimes given to the current 
in the pnmaiy of an induction coil controlled bj a hammer break This also 
IS an intermittent current, but one which is charactenzed by the abruptness 
with which the current drops to zero value (See Fig 14) Due to tbs 
abruptness, a marked stimulus may be applied to a muscle or a nerve by the 
use of such a current 

(5) Secondary joradtc — Currents through the secondary of an induction 
coil can be classified as direct, if the magnitude of the induced E M F 
on make is so small that no appreaablc inverse current flows In a good coil 
this should be the case Frequent!), however, inverse current is present, and, 
if so, secondary faradic should more properly be classified under A C 
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7 A hot filament tube, whose filament is heated by a step down transformer, is oper 
ated bj a high tension transformer, with autotransformer control, and with a Villard 
rectifying arrangement Make a complete diagram of the electrical system 

8 A condenser of a capacitance 1/10 microfarad is charged to 200,000 volts It 

then maintains an average current of 10 ma throngh an x-ray tube for 1/100 second 
Find the voltage across the condenser at the end of this time 199,000 volts 

9 U ith the aid of tivo diagrams, one for each half-cycle, show how a condenser may 
be combined with a single rectifying valve and transformer to maintain an approximately 
stead) voltage across an x ray tube 

10 Make a diagram showing the essential connections when an X ray tube is operated 
b) a transformer rectified by a Greinacher circuit 

11 A hot filament x ray tube is operated with a full wave rectifying arrangement 
The P D across the primary of the high tension transformer is controlled by a rheostat 
and all hot filaments are heated by step down transformers Make a careful diagram 
showing all essential circuits 

12 'lake a diagram of the circuit you would use to obtain the characteristic curve 
(that IS tube current against voltage) for a diode value or a rectifying value Indicate 
the nature of the curve you would obtain 

n 'lake a complete diagram showing the essent als of an x ray high tension circuit 
with auiotransformer control of voltage and a teciiSying circuit. 

1* Make a labeled diagram showing the essential connections, when a hot filament 
X ray tube ii operated, with auiotransformer control of voltage and the Greinacher 
constant potential circuit Show complete filament and primary circuits 



CHAPTER Vin 

HIGH FREQUENCY CURRENTS AND ELECTRIC WAVES 

81. Classification of Currents —In this chapter a short account is 
given of the means of generating rapidly osallating currents, a subject which 
IS of importance because of the therapeutic use of such currents and also because 
they arc fundaments} in the generation of cJectncal waves X-rays, as will he 
seen later, are n special kind of electric waves At the outset we summarize 
the vanous tjpes of currents with which a student of radology should be 
familiar There is first of all the broad classification, used bj the practical 
clectncian, mto D C and A C , that is, into unidirecnonal and alternating 
currents Under DC we include the following 

( 1 ) The steady current which is maintained mas mple circuit by a con- 
stant source of E M F such as a storage battery, or a D C dynamo, or anj 
good cell Such a current at one time was designated galvanic, the term gal 
vamtm being ippl;ed to the use of such currents 

(2) Intermittent unidirectional current, such as that through a self rectified 
X ray tube, or a tube operated b) a transformer with mechanical rectifier 

(3) Pulsating direct — Ths kind is somewhat smilar to an intermittent 
current, except that m pulsating the current need not necessarily drop to aero 
between places of maximum intensity A pulsating current can be obtained by 
the use of a mechan cal device whereb) resistance is regularly taken out of a 
circuit or added to it 

(4) Primary jarodic — This K the name sometimes given to the current 
in the pnmar) of an induction col controlled by a hammer break This also 
IS an intermittent current, but one which is charactenzed by the abruptness 
with which the current drops to zero value (See Fig 14) Due to this 
abruptness, a marked stimulus may be applied to a muscle or a nerve by the 
use of such a current 

(5) Secondary jaradic — Currents through the secondary of an induction 
coil can be classified as direct, if the magnitude of the induced E hi F 
on make is so small that no apprcanble mverse current flows In a good coil 
this should be the case Frequently, however, inverse current is present, and, 
if so, secondary faradic should more properly be classified under A C 
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The following can properly be classified as A C 

( 1 ) The gradually changing sinusoidal current represented by the smooth 
curve of Fig 4 Commercial AC of 25 or 60 cycle per second approximates 
to this kind 

(2) High Frequency The term /wj-A is applied when the frequency of al 
ternating currents reaches a value of the order of 100,000 cycles per second 
Frequencies of a million and more cycles per second are quite common, and 
it IS now not unusual to use values as high as 300 million or even higher 
When such currents pass through tissue, there is not the marked stimulus re- 
sulting in muscular contraction or painful sensation which faradic or even low 
frequency currents cause High frequency currents, however, have the im- 
portant applications noted below 


82 The Generation of Damped H F Currents — H F currents 
may be divided into two classes according as the oscillations are damped or 
undamped First we consider the generation of damped currents 


When a condenser is charged, and then 
® discharged, the discharge current is one of 

, two kinds If the terminals of the condenser 

\ are connected by a fairly high resistance, a 

\ steady direct but gradually decreasing cur- 

rent flows until the condenser is completely 
discharged This type of discharge, the 

. aperiodic, is represented by the graph m Fig 

9S If the resistance is low, an oscillatory 
‘apenodic iwhu Je ofTc" ndcnsw ^ discharge, as represented by Fig 96, takes 
place The reversals of current mean thatl 
the condenser is discharged, recharged in the opposite sense, discharged ^gain,^ 
and so on, the process continuing until the energy originally stored is ultimately 
dissipated in heat, and, sometimes, m radiation In an idea! arrangement with 
negligible res stance, no heat would be developed, and the oscillations would 
continue for a long time — not indefinitely, however, because, as we shall see 
later, radiation of electromagnetic waves takes place when the oscillations arc 
siifliciently .ra;ud 


An almost exactly analogous phenomenon takes place with an oscillating 
simp e ^ndulum If the “ bob” of the pendulum is drawn to one side and 
then released, oscillations arc executed until the onginal potential energy com- 
municated to the system has all been dissipated in heat as a result of mechanical 
fnction between the moving hob and the air During the time that the oscil- 
ations arc taking place, a constant exchange is going on between the potential 
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cnerg) (P t ) „f tlic .iKpNccd hob md iK Linetic ?nerg} (K E) At the end 
of cnch Inlf o^cilhtioii, tin P F is i miximiim ai,d the K E 7 ero, whereas 
It the middle position, the oppisne is true Uecaiise of the small air resistance, 
this interchange goes on for some tme before finally all the original P E is 
conterted to heat 

Mathematical treatment of the oscillations m both the mechanical system 
and the electrical slums that the analog) may be pushed still further Resist- 
ance IS akin to fnction and ciirreiit to the velocity of the pendulum bob 
When the bob Ii in its lowest position 
where its lelociy h a maximum, its 
inertia causes ic to “oicrshool the 
mark ” and to store up P E on the 
other side So, too, when a con- 
denser has been momcnfanl) emptied, 
because of inductance, the current 
continues to flow and s<i the condenser 
IS charged in the opposite sense It 
will he recalled (sec section 6) ih^, 
wKenevcr~a'*currcnt m a circuit is 
c/iflMj:iiij:r'^ir’imluccil X M F or an 
EMF of inductance IS present which 

opwscs tlie'^hange Moreover, the , u j _ j 

' Fic 9t> GrapJj ffpj-eswting the damped 
greater the inductance of the circu t, otcillaiorr d scharge of a condenser 
the greater the magnitude of this op- 
posing EMF Hence we may consider inertia and inductance as analogous 
quantit cs “TfT a mechanical system, the greater the inertia of a body the 
greater its tendency to keep on moving when in motion , in an electrical circuit 
the greater the inductance, the greater the tendency of a current to persist 
once It is started 

When these facts are put »n mathematical language, exactly similar equations 
are set up for the mechanical and the electrical systems From such equations 

it IS not difficult to show that, if « < where R is the res stance m ohms, 

L IS the inductance sn hennes, and ^ » the capacity in farads, an oscillat ng 
discharge takes place, and that, for low values of R, the frequency of the 
oscillations is given by 

‘itVcL 
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The following can properly be classified as A C 

(1) The gradually changing smusoidal cmnnt. represented by the smooth 
curve of Fig 4 Commercial A C of 25 or 60 cycle per second approximates 
to this kind 

(2) High Frequenc) The term is appl ed when the frequency of al- 
ternating currents reaches a \alue of the order of 100,000 cycles per second 
Frequencies of a million and more cycles per second are quite common, and 
It IS now not unusual to use values as high as 300 million or even higher 
When such currents pass throiigh tvasvit, \Vvttt. is isat the markfi-d stimulus re- 
sulting in muscular contraction or painful sensation which faradic or even low 
frequenc} currents cause High frequency currents, however, have the im- 
portant applications noted below 

82 The Generation of Damped H F Currents — H F currents 
may be divided into two classes according as the oscillations are damped or 
undamped First we consider the generation of damped currents 

When a condenser is charged, and then 



continue for a long time — not indefinite!}, however, because, as we shall see 
liter, radiation of electromagnetic waves takes place when the oscillations are 
suRiwvul} rapid 

An almost exact!) analogous phenomenon takes place with an oscillating 
simple pendulum If the “ boh ” of the pendulum is drawn to one side and 
then released, oscillations are executed until the originil potential cnerg} com- 
municated to the s)stem has all been dissip-itcd in heat as n result of mechanical 
fnciion between the moiing hob and the air During the time thit the oscil- 
lations are taking place, a constant exchmge is going on between the potential 
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(P L ) of tlic iIispHccH hob nnd its kinetic energy (R E) At the end 
of each Inlf ostillition, the P F is i miximum and the R E zero, whereas 
at the middle jioMtion, the oppi> itc is true Because of the small air resistance, 
this interclnnf.e goes on for stime time before finall} all the original P E is 
conserted to heat 

Mathcmiticil trentment of the osallitions m both the mechanical system 
and the electrical shows that the analog) nuj be pushed still further Resist- 
ance IS akin to fnction and current to the velocity of the pendulum bob 
When the hob is m its low cst posit on 
where its aelocit) is a maximum, its 
inertia causes it to "osershoot the 
mark” and to store up P E on the 
other side So, too, v/hen a con- 
denser has been mnmenlaril} emptied, 
because of inductance, the current 
continues to flow and «o the condenser 
IS charged in the opposite sense It 
will be recalled (see section 6) that, 
whenc\eT~a“cufrent m a circuit is 
ehaugiiigf^n mdi TceilT M I or an 
EMr of induct ance i s present which 
oppSS^thr^liaSP~^Xo^™^tr. ,h» p,; ,h. d^pri 

greater the inductance of the circuit, oscillatory d scharge of b condenser 
the greater the magnitude of this op- 
posing E iM F. Hence we nw) consider inertia and inductance as analogous 
quantities” *In a niechanieil system, the greater the inertia of a body the 
greater its tendeiic) to keep on moving when in motion, in an electneal circuit 
the greater the inductance, the greater the tendency of a current to persist 
once It IS started 

When these facts are put in mathematical language, cxactlj similar equations 
are set up for the mechanical and the electrical systems From such equations 

It IS not difficult to show that, if where R is the resistance in ohms, 

L IS the inductance in henries, and C is the capacity in farads, an oscillating 
discharge takes place, and that, for low Values of R, the frequency of the 
oscillations is given by 
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For exam pie, if C 0 002 microfarad, and Z> — 1 27 X 10 ® henry, / comes 

out to be nearl) one million c)cles per second 

It will be noted that, the greater the value of L and the gr eater g, the 
smaller the value of / or the lower the frequenc} As far as L is concerned 
this IS just what we should expect, because, as we have noted above, the 
greater the inductance, the greater the force resisting changes, or the more 
“ sluffgish ” the current is As far as C is concerned, it is not difficult to 
understand why an increase in C should slow down the oscillations Since 
at an) instant, the voltage across the condenser = Q/C, it follows that the 
larger C the longer the tme it takes for this potential difference to reach its 
maximum value during a half cycle For very rapid oscillatons, then, both 
C and L should be small 


83 Experimental Demonstration of High Frequency —Sup- 
pose a Lejden jar of capacity C is joined to the terminals A,B oIa Wimshurst 
machine, somewhat as shown in Fig 97 When the machine is operated, 
a charge piles up on each of the condenser plates 


_l^j+ until a potential difference {Q/C) develops which 

— H L 'I K suflicienflj high to cause a spark to jump the gap 

AB Because of the intense ionization associated 
with the spark, the gap becomes temporarily a region 

1 of low res stance, and an oscillating discharge of the 

i© ©1 condenser takes place If this spark is examined m 

a revolving mirror, It IS seen as a succession of flashes, 

^ not a single spark By using an oscillograph, it ma) 
Fio 97 The condenser C,, ^ u- 

IS charged by being con shown in a Still better way that the current when 
‘he terminals the condenser is discharging is oscillatory Actually 
/f and B of a Wimshurst . , . , , , \ 

mach ne. oscillograph record shows a curve similar to that 


of Fig 96 

If fairl} high values of L, and of C arc used, it is possible to take readings 
m the laborafor) from which a plot of the oscillator) d scharge may be made, 
provided some means, such as the Webster Drop Chronometer, is available 
for measunng very small tunc intervals ^Vl^h such a device, it is possible 
after charging a condenser, to measure with -i ballistic galvanometer, the 
charge left in it after each of a senes of short but gradually increasing time 
intervals dunng which the condenser is allowed to discharge The wnter 
has reccnil) examined the laboratory rqxirt of a group of students who hvd 
obivmed in this way an excellent oscillatoiT curve using C = 1 microfarad 
and L - 0 76 henry ^ 
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Using such a circuit, one cm show some sinking experiments which 
demonstrate indirectly the existence of high frequency currents in the coil L 
For example, if a tube containing the gas neon it low pressure is brought near 
this coil, or indeed, placed near almost any part of the oscillating circuit, the 
bright red luminous discharge characteristic of neon takes place in the tube 
If one uses a carefully evacuated bulb into which a few drops of mercury have 
been distilled and the cod L consists of three or four turns of heavy copper 
wire wrapped around the center of this bulb, a brilliant discharge in the form 
of a ring occurs if the bulb is warmed to a suitable temperature 

A striking contrast to the mercury discharge is provided by using a bulb into 
which a little iodine has been distilled If the vapor pressure of the iodine is 
regulated by having attached to the bulb a side tube immersed in ice and water, 
one obtains a brilliant greemsh-p nk ring discharge when the gap AB is a few 
millimeters wide, and a less bright yellow ring for a much shorter gap 

These luminous discharges provide evi 
dence of the npid high frequency currents 
in the coil L Rapidly changing currents 
mean equally rapidly changing magnetic 
~ S" fields m the neighborhood of the coil But, 

I 3 whenever a magnetic field IS changing, there 

^ n an induced E M F whose magnitude is 

Flo too An arrangement someumes greater, the greater the rate of change of 
used in one type of d athermy ® 

the field Hence, in the region near the 
coil, or within a gas or a vapor contained m a tube placed within the coil, 
there exists an induced E M F, suffiaently great to cause a current m the gas, 
a current which is made evident by the luminosity 




85 Diathermy with Damped Oscillations — In medicine one 
of the commonest uses of high frequency currents is to develop heat in tissue, 
as IS done in diathermy 

In one simple arrangement, electrodes E and E, Fig 100, are attached 
by means of conductors to points M and N m the coil carrying the currents 
The electrodes are made of pliable metallic material which are frequently 
enclosed m a rubber casing In use, the electrodes fit tightly against a 
protecting layer of woolen material in contact with the skin of the patient 
With such an arrangement heat is developed in the tissue which provides the 
conducting path between the electrodes, a sensation of warmth being all that 
IS felt by the patient By making one of the electrodes of small area, it is 
possible to concentrate the heat loc-illy 

In diathermy with damped oscillations, the intensity of the treatment can 
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be controlled b} altering the length of the ^ark gap The shorter the gap, 
the smaller V the potential difference between the condenser plates, when a 
spark takes place Since Q, the charge stored in the condenser, is equal to 
CV, It follows that the quanQt} of electricity tatang part in discharge and 
hence the average value of the current, is less, the smaller the gap 

Sometimes instead of attaching electrodes directly to two points on the 
oscillating circuit, a secondary arcuit is coufUd with the primary oscillating 
circuit, somewhat as shown in Fig 101 Due to the coupling of the coils 
L and Z. 1 , currents are induced m the arcuit L\C\EE, the frequency of the 
induced electromotive force being the same as that of the oscillations in the 
pnmar} The intensity of the currents induced in the secondary circuit 
depends to a marked degree on whether or not the circuit LiC^EE is tuned 
or in resonance with the primary circuit The student will recall that when 
regular periodic impulses are applied to a 
s}stem capable of oscillating, the oscilla- 
tions set up are of very high amplitude if 
the period of the impulses is the same as 
the natural period of the oscillating sys- 
tem When this is the case, the $}stem 
IS vibrating or oscillating m resonance with 
the external periodic impulses The oscil 
lating currents induced in the circuit 
LiCiEE hate their greatest intensit), ' 
then, when the natural period of this 
circuit is the same as that of the primary 
circuit Since this natural period depends on the capacity (and the inductance), 
tuning to resonance is convenient!) accomplished b) making C, a variable 
condenser To measure the mtensity of the high frequenc) currents, as well 
as to indicate when resonance has been obtained, an ammeter A maj be placed 
in the circuit 



A duihemy arrangement 
. >e» a secondary circuit coupled 
>nth the primary Tesla 


86 Secondary Tesla Circuit — The arrangement shown m Fig 98 
IS sometimes called the primary Tesla circuit m honor of Tesla, one of the 
pioneer workers with high frequency currents When high voltage as well 
as high frequency is wanted, a secondary Tesla arcuit is added A common 
arrangement consists m coupling with the pnmary coil L a solenoidal coil Z,, 
of man) turns of fine wire, is m Fig 102 If one end of L, is grounded, 
sparks several centimeters long will jump from the other end to a grounded 
conductor Because of the high frequcnc} of the currents one ma> safely 
allow the spirks to jump to one’s hand, or better, to a piece of metal held 



U2 high frequency currents 

nshtly m the hind * In the equipment frequently used, L is n ring nr short 
solenoid of a few turns of heavy wire, and L, IS placed inside L. 

In fulguration, by attaching a Jemble conductor to the secondary coil, 
such sparks may he directed and used m localized treatment 


87 The Triode Vacuum Tube — In order to give even the simplest 
explanation of how undamped high frequency currents are obtained. It is 
necessary to amplify somewhat the work previously given regaining the 
passage of electrons from a hot filament across an evacuated tube 1 ne 
student IS asked to recall the graphs given in Fig 55 and Fig 80, which 
show the way in which the current across a hot filament \-ray tube or recti y 
mg vacuum tube varies with the applied voltage, at constant filament 



Fio 102 High frequency currents of 
h gh potential are developed in the 
secondary coil Li if it is made of many 


Fio 103 Circuit for examining the 
effect of grid potential on the plate cur 
rent m a inode vacuum tube 


temperature This tjpe of curve applies to in) diode vacuum tube, that is, 

3 highly exhausted tube with filament and anode 

In the trtode vacuum tube, m addition to the filament which libentes 
electrons when heated, and the plate or anode, a gnd constitutes a third 
element In the tube diagrams appeanng in Figs 103, 105 and 106, the 
gnd is represented by the central wavy line, but actuallj it is a spiral of fine 
wire, or a wire mesh, in close proximity to the filament The anode or plate 
more or less surrounds the gnd To demonstrate the function of the gnd, a 
circuit such as that illustrated in Fig 103 mayr be used With this arrange 
ment by varying the position of the contact P, the potential of the gnd with 
respect to Pj and hence with respect to the filament can he made either positive 
or negative It is possible then to maintain the plate at a constant potential 

* It s not w se to do tli s when us ng the undamped high frequency currents described 
jn section 88 
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(by meaiis of the battery S') and to examine the vanatton of the current to 
the plate when the grid potential is given a senes of values, both positive and 
negative The graph of Fig 104 shows the general nature of the result 
obtained when such an expenment is earned out Note the following 

(1) For negative potentials greater than 04, there is no plate current 
The actual lalue of 04 is considerably less than the phte potential For 
example, in a tube examined in a laboratory class Cj a student, for a plate 
potential of +70 volts, 04 was — 22 volts 

(2) The mam portion of the curve is almost linear, m some tubes exact!) 
so, in others somewhat curved This is the important part of the curve, 
because normally the potential of the gnd, or its hoj, js such that the tube is 
operated on this portion of the curve 

(3) Saturation can be obtained, as in the diode, but it requires a fairly 
high positive gnd voltage, and in using a tnode as an oscillator (or a detector) 
It must be avoided In making charactenstic curves similar to that of Fig 
104, It IS really not necessary to extend the graph to this stage 

(4) By using a series of different plate voltnges, a corresponding senes of 
characteristic curves can be obtained From an examination of these curves, 
the very important ftet emerges that a small 
change m grid potential maj bring about the 
same change in plate current as a much 
larger change in plate voltage For ex- 
ample, m the case of the tube mentioned in 
( 1 ) aboi e, the student found that, with 
constant gnd potential, a change of 30 volts 
in plate potential caused a change of 21 ma 
in the plate current, but, at constant plate 
potential, a change of only 8 25 volts on the 
grid brought about the same change in plate 
current * In other words, because of its 
proximity to the filament, the gnd exercises a powerful control over the plate 
current Its nearness to the filament makes it extremely efficient in attracting 
or repelling electrons, whereas its open mesh nature allows most of the electrons 
to pass through and reach the plate 

Because ol tVit aWosv ntgVigAle vtnertva. oC xlecvtows, vhft gtvi has a 

very important consequence //, for reason the fotential of the gnd 



04 Graph showing the van 
1 of plate current m a tnode 
vacuum tube with variable gnd and 
constant plate potentials 


• From the ratio g-jj or 2 S, we obtain what is called the amfhjicalion factor 
of this tube 
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88 Generation of Undamped Oscillations — Siippc^t i ciaii:t is 
arranged as in I ig 105 It w>ll be noticed that the loop RLC contains an 
inductance and a capacit}, and consequent!) , if the resistance is low, has 

a natural frequenc) of clectncal oscillations gnen hj / = ^ 

any reason a movement of charges is started in such a circuit and, in conse- 
quence, a small charge is given to the condenser, this loop should oscillate with 
this frequenc) If such a circuit were an 
I independent, separate unit, and not part of 
I an arrangement like Fig 105, tliesc oscflla- 
i tions would be ver) feeble and would rapidlj 
^ die out after the manner shown in Fig 96 
^ \y\J T howeicr, one side of the con- 

1 4 -"T > denser of this oscillating circuit is joined to 

g ~1 the gnd of a mode If, therefore, oseilia- 

• — ft. 1 tions are started m the loop RLC (and even 

Fio 105 Cireu t to illustrate the the closing of a switch can cause an initial 
tlU "““.tmfhlgh ''""■"•'I <l»turhiinct), the potential of the 
frequency currents grid will change with the frequenC) of the 

oscillations These rapid changes in gnd 
potential cause equally rapid chances m the plate circuit and, therefore, in the 
coil Li inserted in this circuit 

If now, the col Li is placed near the cod L, that is, is coupled with it, 
electromotive forces of the same fre 


quency as the frequency of the plate cur 
rent changes are induced in L TTiesc 
electromotive forces (if the coils are 
suitably wound with respect to each 
other) reinforce the oscillations onginally 
started in the circuit RLC The rem- 
forced oscillations cause greater potential 
changes in the gnd, hence changes of 
greater magnitude m the plate current Connections for the Hartley 

1 , , , oscillator 

hence induced electromohve forces of 

still greater intensity in the onginal oscillating arcuit There is, therefore, a 
cumulative effect which results in the mamtenance of continuous oscillations 
It is possible to increase the effect of this induct on sufficiently to make full 
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compensatjon for ohmic and other losses m the arcuitso that the S} stem behaves 
as if It possessed zero resistance, and an oscillation once started in it, persists ” 
(Appleton ) 

By this pnnciple of retroaction conUttuoui undamped oscillations are main- 
tained In actual practice there arc many different circuits employing this 
principle in one way or another Figure 106, for example, shows the con- 
nections for a Hartley oscillating circu t one which has been extensively used 
Figure 1 07 is a somewhat simplified diagram of the circu t used m a com- 
mercial " short-wave ” oscillator, made by Siemens Reiniger-Werke, which 
IS especially designed for use in high frequency therapy 
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FiO 107 Somewhat simplified connections of the Oltratherm h gh frequency oscillator 

89 Diathermy with Undamped Oscillations — Tube circuits are 
now used in much of the modern b;gh frequency equ pment in hospitals In 
the inductotherm of the General Electnc X-Ray Corporation, for example 
a tube oscillator operating at a frequency of 12 million cycles per second is 
used High frequency currents arc passed through an insulated flexible 
cable which may be wound around or placed upon vanous parts of the body 
The tissue in the immediate neighborhood of the cable is then heated as a 
result of induced currents 

In surgical litaabriTny, also, fufce twc-arts art of gtwt imptavianw Lab 
orator) workers who “ play ” with high frequency currents of the continuous 
type soon find out that if the hand or an) other part of the body touches the 
oscillating circuit, there is a slight spark accompanied by a burn at the spot 
where the spark stnkes the flesh This burn is made evident not only bj 
the unpleasant sensation but also bj a smell of seared tissue B) haiing a 
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metallic electrode suitably connected with the high frequency circuit, surgical 
use can be made of such burns in cauterizing and in coagulating tissue In 
urology, for example, high frequency electrodes, themselves comparatively 
cool, are regularly used in surgical treatment 

90 The Generation of Electric Waves — From his elementary 
work in physics the student will recall that, if a particle at the end of a line of 
elastically connected particles is made to oscillate, a wave disturbance moves 
along the line In general waves spread out from a vibrating source in any 
med um in which the particles are so connected that a displacement of a 
particle dsturhs its neighbor Moreover, A the wave length, / the frequency 
of the oscillating source, and v the velocity of the wave disturbance are 
connected by the fundamental wave equal on 
t»=/X 



Consider now the rapid high frequency currents which take place in a coil 
such as Lx, Fig 102 When a current flows m a wire, it is surrounded bj 
a magnetic field, the direction of the magnetic I nes depending on the direction 
of the current The oscillating currents m the coil Lx, therefore, give nse 
to an oscillating magnetic field about the coil But, whenever we have a 
varying magnetic field, an induced E M F results The rapidly changing 
magnet c field, therefore, gives rise to a changing E M F of the same fre 
quency Now Maxwell, the English physicist who was the real founder of 
wireless telegraphy, postulated that, even m a vacuum, such an E M F causes 
currents which he named dtiflacement currents According to Maxwell’s 
ideas, these displacement currents have a magnetic field associated with them 
just like ordinary conduction currents in a wire The varying magnetic 
field due to the displacement currents then gives rise to new induced E M F , 
these in their turn, cause more displacement currents, and so the process 
continues with the result that an electromagnetic d sturbance is propagated 
from the original region of osallating currents All this Maxwell put into 
mathematical equations byr means of which he predicted that the velocity of 
the electromagnetic disturbance m free space should be the same as that of 
ordinary 1 ght, that is, about 3 X 10“ cm per sec 

Expenmental verification of the truth of Maxwell’s prediction was given 
m 1887 by Hertz, who showed that electnc waves were generated by an 
oscillating circuit of the kind shown in Fig 98, that these waves had many 
of the properties of light waves and traveled with the same speed It is not 
easy to form a picture of electromagnetic wives but the following ideas will 
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perfnps give some help From what h-is been stated above it follows that 
(I) at an) given point in «^ace, as Ome ^ocs on the electric field and the 
associated magnetic must change their direction with a frequency which is 
the same as that of the original osallatingarcuit, and (2) at any given instant, 
places where the electric field (or the maenetic) is m one direction must 
alternate with other places where this field is m the opposite direction In 
otJier words, there is the penodiafy in time and in space which charactenzes 
a wave motion 

91 Wave Lengths — Waaes generated as a result of electrical cisdlla- 
tions have an extreme!) wide ranee of wave lengths Waves as short as a 
fraction of a millimeter and as Jong as severaj miles have been generated m this 
wa) In radio almost the whole range IS utilized in some way or other On 
the dial of a common t) pe of radio, one finds three bands, the standard broad- 
casting region with wave lengths ranging from 200 meters or less to nearly 
600 meters, a medium region ranging from approximately 45 meters to 
nearl) 200 meters, and the short wave region with wave lengths extending 
from about 12 meters to 45 or more In radar, wave lengths a few centime- 
ters or even millimeters in length arc used In the oscillator to which Figure 
1 0? applies, the avave length of the emitted radiation u 6 meters. In physical 
therapy such equipment is sometimes referred to as “ short wave ” 

The particular kind of electric waves used is often described by giving 
frequency rather than wave length, the two being connected by the funda- 
mental wave equation v — ]^ Thus, since the velocity of all electromagnetic 
waves IS 3 X 10* meters per second, a ivave length of 300 meters corresponds 
3 X 10’ 

to a frequency of > or 10*, or 1 million, or 1 megacycle per second 

It will be recalled that m sound a note is invanably described h) giving its 
frequenc), and it will be seen in the next chapter that a particular kind of 
ordinary light is usually desenbed by giving the corresponding wave length 
m a standard medium like air 

The name electric waves is restneted to those generated by oscillations m 
an electric circuit They arc a particular kind of electromagnetic waves and 
are of the same fundamental nature as man) other types of radiation, such as 
infrared, ultravrolec and visible hght, x-ra)s and gamma rays from radioactive 
materials Differing widel)r m their properties because of differing wave 
lengths, all these radiations are periodic electnc and magnetic disturbances 
w hich travel in free space at the same veloaty In the next and subsequent 
chapters we shall discuss m detal all these Qpcsof electromagnetic wa\es 
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PROBLEMS AND QUESTIONS 

1 A charged condenser is discharged throQgb a spark gap (i) What is the nature 
of the discharge current^ (h) On what does the intensity of the discharge current 
depend? 

2 When a condenser discharges through a low resistance and oscillations result, explain 
in what way the frequency of the oscillations depends on the capacitance of the condenser 

3 Describe a simple arrangement for obtaining damped high frequency currents 
Explain how (i) the frequency, (ii) the intensity can be altered 

4 High frequency oscillations are set up jn a circuit of very low resistance containing 
a condenser of capacity 0 001 microfarad and an inductance of 0 00002 henry Calculate 
the frequency of the currents jfni I 12 X 10* 

5 If electric waves arc radiated from the circuit described in question 4, calculate the 
wave length of the waves Jns 268 meters 



CHAPTER IX 

LIGHT VISIBLE AND INVISIBLE 

For imn; years i/ter ih«r djscovriy by Roentge/i m 1 895, the exact nature 
of x-ra)s Wis 1 subject about which there was much speculation Although 
Roentgen himself thouaht of the new rays as a wave phenomenon, it was 
not until 1912 that conclusive evidence concerning their nature was given 
In that year, however, as a result of the work of Laue, assi-ted by Fnednch 
and Knipping, it was experimentally demonstrated that the phenomenon of 
interference could he obtained with x-rays, and that consequently they were 
w/thoiit doubt a form of wave motion The poneer work of these men at 
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once led to methods of measuring the constituent wave lengths of a beam of 
x-rays Before discussing this question in detail, it is desirable to make further 
reference to the particular kinds of electromagnetic waves we classify as (a) 
ordinary light waves (bj means of which we have the sensation of sight), 
(b) infrared, and (c) uhmviolef 

92 The Spectrograph — The student wdi recall the familiar facts 
about the visible spectrum When a beam of white light passes through a 
prism, a spectrum ranging from red to violet is formed, because red light is 
deviated by the pnsm less thanyeHow, yellow less than green, green 'less than 
blue, and blue less than violet A common arrangement for obtaining a 
focused spectrum on a screen orphotographicplatcisshown in Fig 108, where 
S represents a narrow slit illuminated by the light source to be examined and Z,, 
IS a collimating lens placed at its focal distance from the slit so that a beam 
119 
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of parallel rays emerges and falls on the pnsm, P The light emerging from 
the prism is collected bj the lens L* and focused on the screen or phtc AB 
Since each kind of light is deviated a different amount bj the prism, there arc 
as many emergent bundles of light is there are kinds in the original beam, 
and hence a corresponding number of focused images on the screen In the 
figure h and It there are two such images 

When a photographic plate is used, permanent records, such as illustrated 
in Fig 109 and Fig 1 10 are obtained, the whole arrangement constituting a 
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Fio 109 The continuous spectrum emitted by an incandescent lamp or any white hot solid, 
with hel urn spectrum superimposed 

spectrograph If the source of light is an incandescent lamp, there are so 
many constituent wave lengths that the images overlap giving a continuous 
spectrum such as Fig 109 Many sources however, such as luminous hydro- 


ill ^ ^ 



Fio 110 Line spectra n the t sible reg on emitted by a, hydrogen b helium, 
and c mercury vapor 

gen or mercury vapor, emit only isolated wave lengths, giving spectra like 
Fig HO where each spectra] line corresponds to a definite wave length 

93 Measurement of Wave Length — The determination of the 
actual wave lengths of these spectral 1 nes is an important practical problem 
Every method is based on the pnnaple of interference, that is, the principle 
that when two (or more) light beams are superimposed, the resultant maj 
be either light or darkness, depending on the phase difference between the 
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disturbances If two beams are exactlj m step, crest meeting crest, trough 
meeting trough, there is a resultant maximum disturbance, or brightness, if 
the two are exactlj out of step, crest of one meeting trough of the other, there 
IS darkness One such method for evaluating wave lengths, which the student 
IS asked to recall because of its connection with x-raj work, makes use of the 
diffraction grating. 

If water waves strike a barner with an openmg such as AI, Fig 1 1 la, which 
IS small m comparison with the wave length of the waves, the disturbance 
spreads out from the openmg in all directions Similarly, if a beam of mono- 
chromatic light strikes a narrow opening, of width say mm , as in 

Fig. 1 1 li, the light too spreads out (or is diffracted) over a wide angle Now 
consider a surface on which there 
IS a large number of small open- ' ' ' ■ 
mgs, spaced at regular mtervals, 
as in a transmission grating If 
a beam of parallel rajs of mono- 
chromatic light IS incident on such 
a granng, somewhat as shown in 
Fig 1 12, light spreads out from 
each opening If this diffracted 
light falls on a lens Z.*, at every p,g nj When plane waves or pafallelrii>»*tpilc8 
point m Its focal plane there will obsiwle wnh an aperture of width comparable 
*, , , , with the wave length, the wave disturbance 

be a superposition of as many little spreads cot from the aperture, 

bundles as there are openings m 

the granng Figure 112* shows the superposition at P and at p, of the 
bundles in two directions 

It IS important to note that since the rajs which are supenmposed at any 
one point arc all incident on lens L m the same direction, the path difference, 
that is, the distance one ray travels farther than its neighbor, is the same for 
each successive pair of rays Thus, usmg Fig 112, or the enlargement m 
Fig 1 13, ray 2 travels -i path from the grating to ffi which is greater than 
the path for ray 1 by JB, ray 3 a path greater than ray 2 by CD = vfB, and 
•50 on for every successive pair Moreover, the actual magnitude of this 
path difference is easily seen tnhexxn 0, where s is the gralmg element, that 
IS, the distance E/f or AC from one opening to the next, and G is the angular 
distance of the point Qx from the original direction of the beam of light This 
path difference, then, steadily increases, the greater the ande 6 

* Although m an actuil graunfr there max be sexetal thousand small openinjrs in this 
figure onh a fe'v are shown, m ordir to make clear the tin lerhmi: i leas 
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Suppose, now, that at a value oie = 0, the path difference between succes- 
sive rays is exactly one wave length, that is, that s sin ^ Then the rays 
for this particular direction when superimposed all arrive m step or in phase, 
reinforcing each other, and a very bnght image results Other bright images 



Fio 112 Optical arraRgemenc for obtaining a spectrum with a transmission grating 


are obtained in the special directions 0^, etc , where s sin 6t — 
ssmds — 3X / sin = 4X, etc With the arrangement shown in Fig 112, 
then, the original beam of monochromatic light gives rise to a central bnght 
image or order at P (where the rays reinforce because the path difference 
between any two is zero and again all are m step), first order images on either 
side of P, at Q and Q\, corresponding to the angle 
' second order images at Qa and p/, correspond- 
ing to 02 , and possibly higher orders 
^ If the original beam, instead of being monochro- 
matic, conssts of a mixture of wave lengths, we 
^ obtain a senes of first order images, one for each con- 
stituent wave length, and another series of second 
order images, or, the light is spread out into a first 

F.O 113 of (>"<1 '’■g''" 

a portion of Rg 112 orders) If, for each image, m a spectrum, we 
measure the corresponding 0i and 6^ (as we can 
readily do by means of a spectrometer) then the wave lengths can at once be 
found, from either of the relaoons 

^ = j sin 01 or 2X = s sin & 2 > 
provided that the magnitude of s is known 

Instead of a transmission grating, a reflection grating is often used A 
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good reflection grating k nnilc by ruliiij,, with i diamond po nt and a divid ng 
engine, i senes of regular!) spaced grooves on polished speculum metal If 
such a gnfijigismadenn a plane sur/acc and a beam is incident asm Fig 114 
the light IS diffracted and bundles of ri)s in the same direction are superim- 
posed b) a lens at Q as with the transmission gratmg For exactly the same 
reason as given abo^ e, spectra arc obtained, and a complex beam is analyzed 
into Us constituents In another very important t)pe of reflection grating, 
rulings are made on a concave surface VVith this type, it is possible to obtain 
''upenmjioseJ bundles without the use of a lens 
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94, The Angstrom and Millimicron — Measurements obtained with 
gratings (and other means) show that the visble spectrum contains wave 
lengths ranpng from about 0 00004 cm at the vwlet end to shghdy greater 
than 0 00007 cm at the red end When isolated wave lengths emitted by 
different substances are measured, we obtain such values as 0 00007682 for a 
potassium red line, 0 00006563 for a hjdrogen red line, 0 00005790 and 
0 00005770 for two bright mercury jellow bnes, 0 00005461 cm for a 
very bright mercury green, and so on for literally tens of thousands of 
measured lines Since these wave lengths are so very small, for convenience, 
instead of using a centimeter as unit of length, the angstrom and the md 
Umteron are often used An angstrom (called after Angstrom, a Swedish 
pioneer in spectroscopy) is equal to I0“* cm A micron being equal to 

— mm , a mdfirnicron is -J- of a micron or 10'* mm , or 10"’ cm 
ifwi ’ tOCXl 
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Suppose, now, that at a value of « = the path difference between succes- 
sive rays is exactly one wave length, that is, that / sin = A Then the rays 
for this particular direction when superimposed all arrive in step or in phase, 
reinforcing each other, and a very bright image results Other bright images 



are obtained in the special directions 6^, etc , where s sin = 2A, 

r sin = 3A, j sin = 4X, etc With the arrangement shown in Fig 112, 
then, the original beam of monochromatic light gives rise to a central bright 
image or order at P (where the rays reinforce because the path difference 
between any two is zero and again all are m step), first order images on either 
side of P, at pi and Qx, corresponding to the angle 
'■ , second order images at Pa and Q/, correspond- 

ing to 9-,, and possibly higher orders 

If the original beam, instead of being monochro- 
matic, consists of a mixture of wave lengths, we 
obtain a senes of first order images, one for each con- 
stituent wave length, and another series of second 
order images, or, the light is spread out into a first 
Fio 113 Enlargement of Second order spectrum (and possibly higher 
a portion of Fig 112 orders) If, for each image, in a spectrum, we 
measure the corresponding 6x and (as we can 
readdy do by means of a spectrometer) then the wave lengths can at once be 
found, from either of the relations 



provided that the magnitude of s is known 

Instead of a transmission grating, a reflection grating is often used A 
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good reflection grating is nnde by ruling, with a diamond point and a dividing 
engine, n senes of regular)} spaced grooves on polished speculum metal If 
such -i grating is made on a plane surface and a bean, is incident as m Fig 1 14, 
the light IS diffracted and bundles of ra)s in the same direction are superim- 
posed by a lens at Q as with the transmission grating For exactly the same 
reason as given above, spectra are obtained, and a complex beam is analyzed 
into Its constituents In another ter) important tjpc of reflection grating, 
rulings are made on a concave surface With this t}pe, it is possible to obtain 
supenmposed bundles without the use of a lens 



Fio 1 14 To illustrate the principle of a plane reflection grating 


94. The Angstrom and Millimicron — Measurements obtained with 
gratings (and other means) show that the visible spectrum contains wave 
lengths ranging from about 0 00004 cm at the violet end to slightly greater 
than 0 00007 cm at the red end When isolated wave lengths emitted by 
different substances are measured, we obtain such values as 0 00007682 for a 
potassium red line, 0 00006563 for a hjdrogen red line, 0 00005790 and 
0 00005770 for two bnght mercury yellow lines, 0 00005461 cm for a 
very bright mercury green, and so on, for literally tens of thousands of 
measured lines Since these wave lengths arc so very small, for convenience, 
instead of using a centimeter as unit of length, the tmgttrom and the mil- 
limicron arc often used An angstrom (called after Angstrom, a Swedish 
pioneer in spectroscopy) is equal to 10 * cm A micron being equal to 

— ^ mm a millimicron is — ^ of a micron or 10“* mm , or 10~^ cm 
KVirt ’ irm 
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The above wave lengths ma} then be wntten in mgstronis as 7682, 6563, 
5790, 5770, 5461, and in millimicrons or mfi is 656 3, 579 0, 577 0, 546 1 

95 The Infrared — 1 he student will recill tint the spectrum does not 
end with the region where the eje ceises to hive the sensation of red 
Bejond the visible red is an invisible region of longer wave lengths, called the 
tn]rareiy a region which may readil) be made evident by the rise in tempera 
ture of a sensitive instrument such as a thermopile or radiometer or even the 
blackened bulb of a thermometer Infrared rajs are sometimes called heat 
rays because of this development of heat when they are absorbed, but the 
name is m sleading, since the energy of visible and other electromagnetic waves 
on absorption is also changed into heat 

At least part of the infrared region may be examined photographically, 
because in recent years, emulsions have been developed which are sensitive to 
part of this region Figure 1 1 5, for example, is a photograph of the spectrum 



Fig Its Spectrum in (he near infrared 


of the iron arc showing wave lengths extending beyond 8500 angstroms 
Apart altogether from spectrum work, infrared photography has important 
applications although most of them are not of special interest to the medical 
student Many of the applications arise from the fact that infrared rajs, 
because of their longer wave lengths, are less scattered by fine particles of 
dust or fog in the atmosphere, and so arc much more penetrating Details 
of distant landscapes, for example, stand out with remarkable clearness 
Indeed mountain ranges have been photographed at a distance of several 
hundred miles, and from airplanes well over four miles high, infrared photo 
graphs showing details over a wide range of terrain, are taken 

96 Range of Infrared Radiation — The extent to which a spectrum 
extends into the infrared depends on the nature of the source, primanly on_ 
Its temperature There are few people who are not familiar with the fact 
that if m a dark room, the temperature of a solid, like a piece of iron, is 
gradually raised, it remains invisible for a time but, after further heating, it 
becomes at first reddsh m color, and finally, if made hot enough, “ white 
hot Th s fact illustrates a fundamental law of radiation which states that 
as a body becomes hotter and hotter it radiates an excess of shorter and shorter 
wave lengths Stated otherwise, it means that the wave lengths of the region 
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in which the intensitj of the radiation from i source is a maximum are 
shorter, the higher the tempcriture of the source For example, an clcctnc 
iron at 300°C or 400°C , invisible m the dark, although too hot ti touch, 
emits infrared radiation with a maximum intensity m the region 40,000 to 
50,000 angstroms. The same iron, if heated to 700° or 800°C , would 
become reddish in appearance because it now emits some visible light at the 
red end of the spectrum, the region of maximum intensity shifting to 20,000 
or 30,000 angstroms With an mcandescent source as hot as the sun, the 
region of maximum intensity is in the visible part of the spectrum, being in 
the neighborhood of 5000 angstroms, or a tnfle less It should not be 
forgotten, however, that such a source also emits considerable infrared 
radiation 

In ther a py, the infrared region is sometimes divided into the near infrared, 
extending from the red end of the vasible spectrum to about 14,000 or 15,000 
angstroms, and the far infrared, compnsing still longer waie lengths Simi 
lari), sources usedTn'infrar73 therapy are sometimes classified either as short 
wave or luminous emitters, like incandescent lamps, or as long wa\e sources, 
such as dull red or non luminous heaters 

In considering the choice of a source for infrared therapy, a student should 
bear in mind that any biological action from such radiation is due to a nse in 
temperature of tissue, a_factor which depends pnmanlj on the absorption of 
radiation Research workers m this field, like Cartwright, Forsythe, Adams 
and Luckiesh, have shown that infrared in the long wave length region is 
absorbed by a very thm superficial layer of tissue, causing a marked feeling 
of warmth on the part of an individual on whom such radiation falls On 
the other hand, maximum trammtsuon by tissue occurs for wa\e lengths 
in the neighborhood of 11,000 angstroms Hence, if it is desired to have 
infrared penetrate tissue to any extent, a source emitting maximum intensity 
near this region should be used Curves giving the intensity distribution of 
the radiation from a 500 watt CX lamp show that the region of maximum 
energy is around 9000 or 10,000 angstroms Hence it is a fairly good 
source if penetration is desired Since such a lamp also emits some energy in 
the much longer wave lengths, it is sometimes wise to reduce superficial 
absorption with the resulting uncomfortable feeling of warmth This can 
'tie done 'by p’Jacing a water celt 'between fce 'lamp and fne patiertr, sinre u 

1 cm lay er of water almost completely absorbs the long wa\e lengths beyond 

14,000 angstroms Ordinary glass, it may be noted in passing, is fairly 
transparent in the near infrared, although its transmission decreases rapidly 
beyond 30,000 angstroms In all media _the amount of absorption, of course, 
depends on the thickness of the absorbing layer 
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97 The Ultraviolet — Beyond the violet end of the visible spectrum, 
mother invis ble region, the ultraviolet, is readil) revealed either by photography 
or by means of the fluorescent light emitted when ultraviolet rays fall on 
certain substances Figure 116 is a photograph of the spectrum of mercury 



Fig 116 The near ultraviolet spectrum of mercury vapor 


vapor, in which the wave lengths of most of the spectral lines are in the 
ultraviolet region Since ordinary glass completely absorbs wave lengths 
shorter than about 3200 angstroms (see Fig 117), a spectrograph for the 
analysis of the ultraviolet must use prisms and lenses of some other material 
By far the commonest is quartz, which is transparent to wave lengths as short 
as 1850 The use of fluorite 
extends the 1 mit to about 1200 
and of lithium fluoride to about 
1083 In this region absorption 
difficulties become very great 
Fio 117 Spectra of mercury vapor (*) without Air itself, at atmospheric pressure, 
filter of ordinary window glajs (b) with such a because too opaque for the investi- 
gation of wave lengths in the 
extreme ultraviolet and vacuum spectrographs with concave gratings, become 
necessary With this tjpe of instrument wave lengths as short as 40 angstroms 
have been photographed 



98 Sources of Ultraviolet — Attention is directed to the following 
sources, of special interest m radiolog) 

(a) //m) open are, such as that between the carbon rods of a projection 
lamp, or between an) two metal rods If the carbon rods are impregnTtfd 
with various compounds, the intensity distribution in the spectrum of the 
emitted light may be altered, some parts being enhanced more than others, 
depending on the nature of the compound used 

(b) The Sun Under the most favorable conditions, such as high noon 
in rnidsiimmer, the shortest wave length in the solar spectrum is m the 
neighborhood of 2950 angstroms Ordinarj window glass, as we have 
alread) noted, will transmit nothing shorter than about 3200 

/Vcordme to figures given h> b S Brackett of the Smithsonian Institute, 
of the total «.lar ener^.) radiaied, from 1 to 5 per cent is in the ultraviolet, 
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I from 41 to 45 per cent m the viable, and from 50 to 58 per cent in the 
•infrared 

The amount of indirect radiation from the sky, as distinguished from the 
direct ra)s of sunshine, depends on the wave length, but for the region 
2900—3200 it ma^ exceed that of the direct beam 

(c) Sun Lamp If an incandescent lamp, or any other kind enclosed in 
a transparent envelope, is to be used as a substitute for the sun, as far as 
ultraviolet is concerned, the bulb or envelope must be made of quartz or 
of special kinds of glass transmitting wave lengths as far, at least, as 2950 
The source of light must also raduite wave lengths of appreciable energy 
as short as this limit An ordinary lamp with a tungsten filament is not of 
much use as a source of ultraviolet because, as we have already seen in 
Section 96, although any hot body radiates a continuous spectrum, the region 
in which maximum energy is radiated depends on the temperature In 
thesolar spectrum, this region is in the neighborhood of 5000 angstroms 
Since th ii. c^rrespond$ to a tempera ture of about 6000* absolute, andjince in 
t he most powerful incandesceru Jamps, maximum temperatures are only 
a bout 33 50° absolute, we could not expect ordinary lamps with tunpten 
filaments to reproduce the sohrs^ctrum The Mazda C-4 lamp is a special 
oiieHeirgned foF operation at a filament temperature exceeding 3350® The 
emitted radiation from this extends into the ultraviolet nearly, but not quite, 
as far as the solar spectrum 

So called sun lamps usuall) make use of some kind of arc in mercury 
vapor Figure 1 16 is the spectrum of an electric discharge produced by high 
frequency currents in a quartz tube containing mercury vapor at low pressure 
The source was not a sun lamp, but it emphasizes the fact that ihejpectrum 
of an arc in mercury vapor at low, pr essure consists large!) _of isolated wa^e 
lengths _e^xtending well into the ultraviolet 

In the S 1, one of the earlier sun lamps, there is an arc between tungsten 
terminals in an atmosphere of mercury vapor The spectrum is a combination 
of a continuous band in the red and green regions, plus the mercur) spectrum, 
which IS transmitted by the spcaal glass of the ens elope, to possbly 2000 
angstroms In another sun lamp, the S 4, i mercury arc takes place in a 
small quartz inner tube, the outer envelope being again made of special 
gfass 

(d) Other lamps The AH-6 lamp is a powerful 1000-watt source of bojh 
luminou7 radiitron and near uJtravwJef, consisting fundamentjUv of a high 
pressure mercurj arc in an inner quartz tube, with an jiiite^g lass envel ope 
and an arrangement for continuous water cooLni At hich pressures, the 
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spectrum of discharges in mercury \ipor is less confined to slnrp isolated 
wave lengths 

By wa) of contrast to the AH-6, reference is made to the 30-wan germtctdal 
lamp, which carries a comparatively feeble discharge through mercury vapor 
at low pressure, and has an outer envelope transmitting wave lengths to at 
least 2500 angstroms In this kind of lamp, uhich is sometimes designated 
as “ cold ” because of the low power consumption, there is a high concentra- 
tion of ultraviolet energj m the isolated wave length 2537 

In principle the modern fluorescent lamp is esscntiall) the same as the 
germicidal t)pe In the fluorescent lamp, the inner walls are coated with 
suitable phosphors which, under the stimulus of mercury wave lengths, emit 
fluorescent light 

99 The Use of Ultraviolet m Medicine — Reference will be made 
to three wa}s m which ultraviolet light is of importance to the medical student 
(1) as an agent for the production of erjthema, (2) as an agent for killing 
bacteria, and (3) as an agent for the manufacture of vitamin D As always, 
m this book we are concerned pnmanl) with basic physical ideas 

Few people are unaware of the effect of sunlight on the skin To examine 
this effect scientifically some relation must be found between the biological 
effect — the reddening of the skin followed by tanning — and the intensity 
and the quality of the radiation As far as qual tj goes, examination of the 
effect of different wave lengths shows that ultraviolet light is necessary for 
tanning, and that, if we restrict ourselves to sunlight, the most effective range 
IS between 2900 and 3100 angstroms It is, therefore, only the extreme 
short wave length end of the solar spectrum which is useful in fact, the useful 
component is so near this end that dunng the shortest days of the year the 
erythema-producing component is negligible 

To examine the effect quantitatively first of all some biological reaction 
must be agreed on as a standard, or as near a standard as is possible in biological 
work where individuals differ so much The standard effect commonly 
adopted is the tnitimum fercefttble erythema, or the M P E , which may be 
defined as a “ barely perceptible reddenmg of an average untanned skin ' 
The ‘ dose ” necessary to produce an M P E must next be determined 
If there were a single constant source of ultraviolet radiation, this would 
involve only a determination of the tune necessary to cause an M P E Fo*' 
example, the Mazda S I sunlamp, at a dstance of 30 inches, producer*an 
M P E in from 5 to 7 minutes But everybody does not use Mazda S-1 
lamps, and even the layman knows that the useful ultraviolet content of the 
sun vanes tremendously with the season of the year It is therefore necessary 
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to have some means of measuring fundamcntall) the actual intcnsuj of the 
iiUra\aoIet component of the radiation which is effective m proJucin" ertih 
Over a wide range of wave lengths, extending from the infrared to Tell 
down m the ultraviolet, intensity P 

may be measured by any sensitive 
detector of the nse in temperature 
which results from the absorption of 
radiant energy For this purpose 
the thermopile, the thermocouple, 
the bolometer, and the radiometer 
are all used In usinij an instrument 
like the thermocouple, one may 
either measure the intensity of the 
beam as a vv hole, or the beam may 


t\ 


*18 "henlghtofsuitatlcwa^,.!.. l - 
falls on a rinc plate P joined to tW 
part of an electroscope the eiccon.l ' ' 1 
negatively charged loses its charge ' ^ 


On 


be separated into its constituent wave Icneth, and the relative intensities 
measured by moving the thermocouple along the spectrum In the latter 
case, some form of amplification is desirable 

If the specific problem is an CMmimtion of the intensity of the erythema 
producing rays, the remainder of the rays can be removed by a suitable filter 
This IS what is effectively done when use is made of the fhoioeleetrie fffeet 
a phenomenon which may be demonstrated by the following simple experiment* 
^ Suppose an insulated 2 mc plate P Fi-* 

1 18, IS joined to the knob of an ’elec- 
troscope, and that the system is ncta. 
lively charged With proper insula 
tion the leaf of the electroscope 
remains for some time with deflection 
unchanged If, however, light from 
an arc lamp is allowed to fall on the 
metal plate, the electroscope leaf 
quickly falls If the system is posi- 
, no such d scharge 
takes place The discharge when the 
plate IS negatively charged is caused by a photoelectric emission of electrons 
from the surface on which the light is madent A photoelectric cell is a refined 
device making use of this pnnaplc In one form a highly evacuated tube T, 
Fig 119, has an anode consisting of a angle wire or ring projecting into the 
tube, and a cathode, a large area of a metal surface spread over a part of 
the inside wall When such a tube is inserted tn a circuit as shown m Fi^ 
119, and light falls on the mrtallc surface, a current is tnd cated by the gal 
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vanometer G heciuse of the photoelectnc emission of electro ns from the su r- 
fice 

In connection with the relation between this current and the nature of the 
incident light, two important facts should be noted (1) The inagnKude_of 
the photoelectnc current is directly proportional to the intensity of the incident 
light The galvanometer reading, therefore, is a measure of the intensity of 
the light (2) For any given metallic surface, wave lengthsjongcr than a 
certain critical value do not cause any photoelectnc emission For example, 
if the above expenment is repeated with a piece of red glass in front of the 
zinc plate, the electroscope is not discharged, because for zinc the critical wase 
length IS about 3020 angstroms, and the light transmitted by a piece of red 
glass includes little shorter than 6000 angstroms 

The value of the critical or threshold wave length depends markedly on the 
nature of the surface Thus, for the element caesium it is 6810 angstroms, 
for sodium 5830, for aluminum 4770, for silver 3250, for cadmium 3140, 
and finally for an allo) of cadmium and magnesium 3350 For the ex amina » 
tion of the intensity of the erythema production component of solar radiation, 
a photoelectnc cell with a cadmium-magnesium surface is particularly useful, 
because its spectral sensitivit) is such that it responds to the ultraviolet energy 
of vanous wave lengths approximately in accordance with their effect ivene ss 
in producing eiythema or sunburn ” It should be borne m mind that the 
region of wave lengths for which a photoelectric surface has a maxmum s en- 
sitivity IS somewhat below the critical wave length For a cadm i^m- 
magnesium surface, the greatest sensitivity is around 2800 angstroms In 
the production of erythema the most effective wave lengths are m the region 
2950 to 3000 Note (see Fig 116) that m the mercury spectrum, a fairly 
strong line occurs at 2967 ^ ' 

100. The Finsen — In considering any unit of dosage relating to radia- 
tion, the reader must distinguish between tntenstiy and total radiant energy 
Intensity is measured by the time rate at which energy passes through unit 
area, or by what is often called the fiux of radiant energy fer unit area If 
our interest is in illumination and vision, we are concerned only with that 
portion of the total radiation which k of value for vision, or in what is called 
luminous fiux If our interest is in the production of an erythema, our 
concern is with erythema-produong radiation In this field, a unit of intensity 
has been standardized by the Illuminating Engineering Society and the 
International Commission on Illumination, although it has not yet received 
widespread use It can best be explained by a brief reference to work done 
by Luckiesh and collaborators at the Lighting Research Laboratory of the 
General Electric Company 
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i^it of^er ythema -producing fiwe is called the E-vtton, the correspond- 
ing unit oftniensHy bein g, of course, 1 E~man per sq cm For thib unit 
o f intensity the name ^nsen been suggested by Luckiesh in honor of 
Finsen, a Danish p gneerjn light therapy 

By defi nition, 1 finsen is a flux of 10 microwatts per sq cm of radiant 
energ ^ot th at particinarwave~length which has a maximum effect in pro 
ery thema As we have already indicated, ths wave length is close 
to 2967 angstroms In order to find the number of microwatts per sq cm 
of any other wave length which is equal to 1 finsen, use must be made of a 
curve such as that given in Fig J20 Such a curve, obtained by experiments 
of Luckiesh and other workers, 
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shows the relative effectiveness 
of different ware lengths m the 
production of erythema Sup- 
pose, to take an example, that 
we wish to find the value of the | 
finsen for wave length 3022 | 
angstroms On consulting this 
curve we note that, when the 
effectiveness of 2967 is taken as 
1, that of 3022 is only 0 55 
For this wave length, then, the 
finsen has the value 10/0 55 F'c 120 Curve showing relative effectiveness of 

.L . ia different wave lengths in the production of 

or about 1 9 microwatts per sq erythema (After Luckiesh and co-workers ) 
cm 

Dosage, as we have seen, refers to the totai amount of energy of the useful 
wave lengths delivered at any given place Evidently the total energy dehv 
ered depends on (a) the intensity of the useful components, and (b) the 
time of applcaton In the case of erythema producing radiation, the unit 
of dosage is either a finsen second, or a finsen-minutc, or a finsen hour 
Actually, finsen hours arc used a great deal 

General Electric workers have published curves showing the number of 
finsen-hours of erythema-producing solar radiation received on a horizontal 
plane each month for a period of four years Their results give numbers 
ranging as low as 27 for December to 452 for June It is interesting to note 
that the highest intensity recorded dunng the whole four years’ penod was 
about 4 2 finsens '* This,” these workers staled, “ will cause a M P E on 
average untanned skm m about 10 minutes" According to this statement, 
the dose causing the M P E ts 4 2 X 10/60, or 0 7 finsen-hour This is in 
agreement with the statement that by ciqiosing several men to sunlight in 
the month of Jul), the avcris^ M P E dose was found to he J of a finsen hour 
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It s interesting to note that the total er)theiiia producing flux from a 60- 
watt Mazda CX lamp is 140 E-\itons, from a 500-witt CX lamp, 3200 
E vitons, and from the 440-watt S-1 lamp, as much as 70,000 E-vitons 


101 Germicidal Effect of Ultraviolet — A second important appli- 
cation of ultraviolet radiation is its use for the destruction of bacteria In this, 
as in any other application, one of the first problems is to examine what 



wave lengths or range of wave lengths are most effective To some extent 
the answer to that problem depends on the nature of the bacteria to be de- 
stroyed T here i s gci^ral agreement, however, that the wave lengths which 
h^^ maximum bactericidal effect are m the neighborhood of 2600 angstroms 
Note, for example, the curve'due to Luckiesh, Halladay anT¥^or,'re'pro- 
duced in Fig 121, which shows the relative effectiveness of a wide range of 
wave lengths for killing B Coh 

The occurrence of a maximum germicidal effect for wave lengths near 
2600 angstroms is extremely fortunate because the most intense wave length 
in the complete ultraviolet spectrum of mercury is at 2537 angstroms 
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Moreo%er, when an electric discharge tikes place in a tube containing mercury 
\ipor at low pressure, as much as 95 per cent of the total ultraviolet energy 
appears in this %sa\e length It foUows that an almost ideal germiadal 
source of ultranolct ridntmn js to be bad in a low pressure mercury vapor 
lamp, proMded its walls are transparent to watc length 2537 This con- 
dition is readil} fulfilled bj making the containing tube either of quartz or 
of special kinds of glass such as Cortex Such lamps, similar tn operation to 
the lamiJi^r (lunresccnt tubular kind, are on the market For example, one 
consuming onl} 1 5 w ntts is suitable for installation m a refrigerator where it 
IS effective for the prevention of the formation of mould 


Tjmic \ll — Rahce or f iect»omaci(ETIC Wave Lemcths 


Kind 

Longest 

Shortest 

Electric 

20+ miles 

0 22 mm 

Infrared, far 

0 4 mm 

15,000 angstroms 

Infrared, near 

15,000 angstroms 

7,700 angstroms 

Visible 

7,700 angstroms 

4,000 angstroms 

UJrranofet, near 

0,900 angstroms 

2,900 angstroms 

UhravioIeC, far 

2,900 angstroms 

1,800 angstroms 

Ultraviolet, extreme 

1,800 angstroms 

40 angstroms 

X-rajs 

500 angstroms 

0 05 angstrom 

Grenz X rays 

5 angstroms 

1 angstrom 

Diignostie \ rajs 

0 3 angstrom 

0 1 angstrom 

Therapeutic X rays 

0 1 angstrom 

0 05 angstrom 

Gamma rays 

03 angstrom 

0006 angstrom ■ 


A compnnson of a 300*watt, llS-volt mercury arc lamp with a 30-watt, 
II5*voIt t)pc designed for bactericidal purposes, emphasizes the importance 
of operation with mercurj at low pressure. Although the power consumption 
of the first lamp is ten times greater than the second, measurements by Luckiesh 
show “ that a 30-vv att germiadal lamp cm often be more effective in (germi- 
cidal) pMCtice than a 300-witt quartz mercur) arc.” As alre ady indicated, 
thr reason lies in the fact that in a discharge at low pressure, almost all the 
ultraviolet energ) is concentrated in wave length 2537. 

The student should now understand why a sunlamp which, with its 
shortest waie length around 2800 angstroms js excellent for the production of 
cr^hema, is a poor source for germiadal use. It should also be apparent that, 
although sunlight has undoubtedly a germiadal effect on some organisms, the 
low pressure mercury vapor lamp transparent to 2537 radiation is a far more 
effective agent 

As hr as dosage is concerned, spcaal germiadal units should be developed, 
just as in the case of erythema-producing radiation. Much quantitative work 



134 


LIGHT VISIBLE AND INVISIBLE 


has been done by Luckiesh and others, but as units have not yet been finally 
standardized, discuss on of details is omitted m this book The student should 
note, however, that valuable mformabon is provided if all persons using germi- 
cidal lamps record the power input of the lamp used, the time of application, 
and the distance of the lamp from the material radiated 


102 Production of Vitamin _D — Ultraviol et radiat ion of selecte d 
wave lengths is of great importance in the productibn oivit-i niin L >, the organic 
agent which promotes normal calaum metabolism The absence of vitamin 
D from a diet means imperfectly calcified bones and 



Fio. 122. Schematic repre 
sentation of complete range 
of electromagnetic wave 


may give rise to nckets A cure may be brought 
about byTrfacfianon with ultraviolet light of suitable 
wave length When the ergosterol in jhe^skm ^ 
absorbs the radiation, vitamin D is man ufactu red 
and subsequently gets into the blood strealn, effecting 
the cure The ergosterol is said to be activated 
There is evidence that the regioiT of maximum 
effiaency for the production of vitamin D is about 
the same as for the production of erythema hence in 
the region around 2800 or 2900 angs troms the 
erythema! effect is an approximate measure of the 
ami rachiuc effect But, it should be noted that, 
according to Luckiesh, “ there are indications that 
energy m the region of 2500 and 2600 is anti- 
rachitic through the production of vitamin D The 
use of germicidal lamps m poultry houses also yields 
some evidence in this respect ” 

103 Range of Electromagnetic Waves — 

In section 91 it was pointed out that infrared, 
visible, and ultraviolet light belong to the same class 
as electric waves, all being electromagnetic in nature 
Although we have j et to discuss x-ray s and gamma 
rays from radium, two other kinds of radiation which 


must be induded in the same category, it is con- 
venient at this stage to record the dassification of wave lengths given m Table 
XII It should be understood that there is nothing rigid about the short and 
long wave length limit m any particular group 
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PROBLEMS AND QUESTIONS 

1 (l) DfvrnlK full) how )Ou nould photogni|h tli<. gltrn inlet iiul visible spectrum 
emitted bj an) source of light (n) Compare tic s|x.«ruiii )ou would obtain with a 
carbon arc ujih rJiat Irom a quartz OKnury \apor lamp (m) If )oaf source of light 
was sunlight, «hat would be the appruxiinatel) shortist «a\e length recorded (m ang 
itroms), fl) through an open window, f’) through a closed window of ordinary 
glass’ In each cast explain wh) no shortir watt lengths are recorded 

2 State three wa)s in which ultratiolet light is of importance m medicine With 
respect to each state whether (i) wise length 29S0 ( i) sunlight, is a good or a poor 
agent 

3 An insulated *inc plate » joined to the leaf of an electroscope, the whole positive!) 
charged When light from a bare ate lamp falls on the zinc plate, the electroscope 
docs »ro/ lose ns charge Fxplain 

4 Fxplain the relation of t angstrom, t milliinicron and 1 X U to the centimeter 

5 If the first order image «f a certain wave length, obtained with a transmission 
prating on sshich the light is mcidint ptrptnd colarl), is 20* from the central order, 
show how )ou would calculate the ptsiiion of the second order image 

6 A transmission grating has 14,320 elements in I inch Find, in angstroms, the 
wave length of monochromatic light whiih guts first order images 19* 42' from the 
central order /fui 3S90 angstroms 

7 W'h) IS a low pressure, low power mercury lamp a more efficient germicidal lamp 
than a high pressure, high power mercury lamp’ Assume each has a quart* container 

8 WTiy does a person feel warmer when near a 300 watt dull emitter of heat than 
when at the same distance from a 300 watt high temperature lamp’ 

9 A certain lamp emits a total erythema proilucing flux of 3000 F vitons (a) Find 
the intensity (m finseni) of this tvpe of radiation at a distance of 30 cm from this lamp 
assuming it radiates equally m all directions (h) Find how long it would take to deliver, 
atthisdiitance.anaverageMPE doseequal to J of a finsen hour Ans OOJSj 7 hours 
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In wction 10 il «ii p..mlc.l ..lit lint a ham "I '-laL lajjlei (rnm t'c 
focal .pot of an v-tit ti.l< In tin. cliip-cr »c t’l'H 'I n^t-" f""'' "" 

importiiU pnipcftic^ of siicli i im 

104 PhotopraphlC Effect - .\*rAU ilTrct a plmto-raphic p’atc or 
film, or senoti/cil pT|>cr m much the vime « i\ i' « n' nan 1 ;ht I hr *pcciaC 
of ilifTcrcm plumv’rirh'r »nc %an. atiJ. (of the «mc plate, the »pffJ 

>anes \Mth the kiml of rate u'<*l 


lOS Fluorescent Effect — \»n\a excite fiunrrvcnce m certain 
stances on which the) fall Ha flu' reventc wc mean the em’won of a a.’ c 
light which cnnimues as I >nj aa the rna atnkc the auHAtance it tl e 

fluorescent properta which led to the di'coaera of \»ra\a ht Riaentccn, it ts 
of interest to ejuote a feaa aentemea from a tranalation of a prtl m nan com* 
municition read ha k<ient,;en, on Dci 2S I'einre the Pha ukalta*.h» 


mediciniachen Geaellschtft of Wurrbur,; * If the elcitnc diachar^'e from 
a large RuhmkortT cml la piaacd lhroo,;h a Hittorf aacuum tul<. or throuch 
a sufficient!) exhaiiatcd I cnnnl Crookea, or amilar tul'c. and if the tube la 
covered aaith a fiirli chiac fittin,! cnael. pe <»f thm I laik card, it will he found 


that a paper screen pliced near the apparatus and covered with Kanum platmo- 
Lvanide will become hnghtia luminous ami fluorescent It is immatcrLil 


whether the prepared side or the unprepared side is turned towards the appi- 
ratiis 1 he fluorescence is still noticeaWc at a distance of two metres from 


the apparatus It is eas) to establish that the cause of the fluorescence pro- 
ceeds from the discharge tuhe and from no other part of the clecinc circuit 
“ The first remarkable feature about this phenomenon is that we have here 
an agent that can pass thrnuah a Mack card envelope w Inch is im}>crvanus to the 
visible and ultraviolet ra)s of the sun of eicctnc arc, and that this agent J» 
capable of prodiicins vivid fluorescence. The fluorescence of binum platino- 
c)anide is not the onl) recogms.aMe effect of the \-rijs. Other bodies al*^ 
fluoresce, is for instance the calaum compounds known as phosphor, tl'^ 
uranium glass, ordimr) glass, calcspir, rock$.alt, etc. 

“ Photographic dr) plates are sensitive to x-ra)s, and this fact is of specisl 


ly 
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importance m many respects It enables many phenomena to be recorded, 
thus making it easier to exclude deceptions and whenever possible I have 
checked by means of a photographic exposure every more imporeant visual 
observation on the fluorescent screen ” 

In radioing} two applications of the fluorescent effect of x-rays are made 
(I) in the use of a fluorescent screen for diagnostic purposes^ and (2) in the 
use of mtenstjy vig screens for shortening exposures when radiographs are being 
made There are few people nowada}s who are not familiar with the shadow 
pictures which the roemgenologist so often studies when a patient is between 
the x-ra) tube and the fluorescent screen In the rapid x-ray chest surveys of 
large groups of people, which ore frequently made for tuberculosis tests, use is 
made of fluorescent screens By photographing the shadow picture of a 
person’s chest and lungs which is thrown on a fluorescent screen by the x-ray 
tube, it IS possible to make records at the rapid rate of about one person per 
minute 

Intens{3ing screens are used in standard photographic diagnosis, where a 
fluorescent screen is replaced b) a sensitive plate or film in order to shorten the 
time of exposure These screens, which are made of such substances as tungstate 
of calcium, are placed directl) m contact with the sensitive emulsion on the 
photographic plate or film Wherever the rays strike the screen, therefore, the 
bluish (fluorescent) light emitted (which is much more actinic than x-rays) 
acts on the emulsion and so shortens the exposure to a marked degree A 
reduction as much as five- to tenfold is quite normal Care must be taken to 
keep the screen clean, for particles of dust will absorb the visible fluorescent 
light and spot the plate The exposure may be still further shortened by using 
films sensitited on both sides along with intensifying screens on each side of the 
film “ In actual use intensifying screens are mounted in ngid holders called 
cassettes, m order that perfect contact may be obtained between emulsion and 
screen ” (Eastman Kodak Co ) 

106 Chemical and Dehydrating Effects — X rays produce a dis- 
coloration of certain alkaline salts, 1 berate lodme from a solution of iodoform 
in chloroform, and change the color of certain substances such as banum 
platinocyanide 

107 Biological Effects — The burns which result from undue exposure 
to x-rays the beneficial effects of the rays in cunng certain skin diseases, the 
stunting of the growth of young ammalSf the production of injures and of 
genetic changes in cells, the destruction of cells and the killing of eggs of the 
Drosophila fruit fly, the production of carcinogenesis and a possible germicidal 
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action on bacteria — these are some of the many examples of this important 
property concerning which more will be stated later 

108 Ionization Effect — X-rays make the air through which they pass 
conducting, as may readily be shown by placing a charged electroscope almost 
anywhere near a tube On sending a current through the tube it is at once 
observed that the leaf of the electroscope steadily falls until the whole charge 
has disappeared The rays have ion- 
ized the air m the neighborhood of the 
electroscope to an extent which is pro- 
portional to the rate at which the leaf 
falls Should the experiment be re- 
peated a number of times, each time 
placing the electroscope at a greater 
distance from the tube, it would be 
found that the leaf falls more slowly the 
further it is removed from the tube 
This indicates that the ionization and so 
the intensity of the beam of x rays at a 
local region is greater, the nearer the 
regon is to the lube (Section I47«) 

Fio 123 A simple eleccroscope for rough As the ionization property IS the bass 
ionisation measurements , , .Lit 

of the most accurate methods of esti 

matng dosage when x rays are used for treatment, the importance of this 
property cannot be loo strongly emphasized Later, details of suitable ioniza- 
tion chambers will be given at this place, however, a simple form of electro- 
scope which has been found useful may be noted (Fig 123) The leaf is 
attached to the usual metal support but this instead of ending m a knob outside 
the electroscope, is supported by means of the insulating bead of sulphur S 
The whole is enclosed in an earthed metal chamber with a window W covered 
with very thin metal foil through which x-rays may pass The electroscope 
IS charged hy means of i movable rod R which passes through an insulating 
support to the outside of the box 

109 Penetrating Effect — There arc few people nowadays who are 
not familiar with the fact that x rays pass through fairly thick sheets of matter 
which we ordinarily call opaque A piece of wood is almost as transparent to 
X rays as window glass k to sunlight But thin layers of any substance are 
more transparent than thick, and some substances arc more opaque than 
others, herein lies the bass of the familiar x-ray pictures Radiographs are 
just shadow pictures, wherein detail is vishlc because of the unequal degree 
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to which different parts of the subject photographed absorb x-rays There 
are in consequence corresponding d fferenccs m density on the plate or film 
As the whole application of x rays both for rad ography and for treatment 
IS bound up with the question of ahsorpoon of x-rays, the question of pene- 
trating power will now be considered m detail 

It is first of all important to realize that the terms opacity, or opaqueness, 
or transparency, of a substance to x rays are very indefin te An expenmental 
illustration will make the point clearer Before the window of a charged 
electroscope of the kind shown in Fig 123 is hung a sheet of aluminum several 
millimeters thick On placing a small gas x-ray tube (operated by an induction 
coil developing some i 0,000 or 20 000 volts) a short distance away , with 
Its target pointing towards the window of the electroscope, it is found that 
the leaf of the electroscope remains stationary or falls extremely slowly On 
using a larger tube, however, operated by an x-ray transformer on some 
30,000 volts, the leaf falls in a matter of a few seconds The aluminum is 
opaque to the first beam of x-rays, but far from it to the second In other 
words, X rays from some tubes are more penetrating than from others 

Again, the same bulb when operated under different conditions emits rays 
which have different penetrating effects Suppose a hot filament tube is used, 
with always the same mill amperage, but at a senes of different voltages 
Suppose, further, that for each voltage the d stance of the tube from the elec- 
troscope is adjusted so that m each case the leaf falls at the same rate, when 
no absorb ng sheet of metal is present If now another set of readings is 
taken from each voltage, at corresponding distances, with an absorbing layer 
of metal interposed it is found that the higher the voltage the more rapidly 
the leaf falls The conclusion is obvious-— the higher the voltage across a 
lube the more pe netrating arc th e r ats em tied 

There are, therefore, differenTCmds of x rays which we may desenbe as 
Aard, medium, or soft, accord ng as they arc very penetrating, moderately 
penetrating, or feebly penetrating It will be recalled (section 53) that the 
same terms are used to desenbe the state of a gas tube, a hard tube being one 
for which a higher voltage is required to maintain a certa n current than for 
a soft one But there is no confusion of terms, for we have just seen that a 
higher voltage across a tube means an increase m the penetrating power of 
the rays emitted A hard tube, therefore, emits an excess of hard rays, a 
soft tube an excess of soft rays But the terms hard, medium, and soft, are 
much too elastic for the accurate measurement of so important a quantity 
as the penetrating power and we must seek some means of expressing degrees 
of hardness by definite numbers In other words, we need a scale in terms of 
which the quality of a beam of x-rays may be expressed 
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110 Quality and Tube Voltage — Since the penetration increases 
with the potential difference across a tube, any device, such as a spark-gap meter 
or calibrated primary voltmeter, which measures the magnitude of this quan- 
tity, provides one means of estimating the pentrating power of the rays leaving 
the tube (See section 117) A number of years ago, the Bauer Quahm- 
eter, an instrument for measuring quality, was on the market This was 
essentially an electrostatic voltmeter which indicated the tube voltage by means 
of a pointer moving over a scale marked with numbers reading up to 10 
No 1 on this scale corresponded to a very low voltage and to rays which 
were completely absorbed by 0 1 mm of lead, and so on until No 10 indi- 
cated rays so penetrating that 1 mm of lead was required for their complete 
absorption Quality was then expressed m terms of these arbitrary numbers 
Such an instrument is not now used and it is mentioned solely to indicate an 
early attempt to establish a scale of quality 

No matter how exact the device for measuring tube potentials this infor- 
mation in itself, important as it is, is not sufficient to describe accurately the 
qualit) of the beam of rays actually utilized This is true for several reasons 
(1) As we shall see presently, there is always a mixture of different kinds 
of rays leaving a target (2) Two tubes with exactly the same voltage, 
do not necessarily emit rays of exactly the same degrees of penetration (3) 
The hardness of what are called characteristic rays (to be discussed later) 
does not increase steadily with appled voltage (4) Layers of absorbing 
material are commonly placed between the tube and the place where the ra}S 
are desired and these filters, as they are called, alter the average qual ty of 
the rajs More direct means of measuring quality are therefore desirable 
In spite of the fact that a knowledge of the magnitude of the peak voltage 
across a tube does not give suffiaent information to describe quality completely, 
in actual practice it is always desirable to give the value of this quantity In 
this connection L S Taylor gi\es the following rough classification of the 
quality of composite beams 


Ultra soft (Gren?) 

Soft (for dia^of s and superficial therapy) 
Hard (for deep therapy) 

Extra hard or super hard, greater than 


S to 10 Kv 
20 to 120 Kv 
120 to 250 Kv 
250 Kv 


111 Quality and Half-Value-Layer (H V L ) — One of the most 
useful practical means of expressing the quality of a beam of x-rays consists 
m giving the half value lay er, that is, the thickness of some standard substance, 
copper, for example, necessary to reduce the intensity of the beam by 50 per 
cent Obviously the more penetrating the beam, the greater the necessary 
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thickness I his method, it will be noticed, deals s\ith the ibsorption of x-rays 
by matter, a very important question which, at this stage, we shall discuss only 
m Its simpler aspects (Sec Chapter XII ) 

Suppose an electroscope £, Fig 124 (or any other of the devices for meas- 
uring jonizatwn to be considered later), is placed in the path of a beam of 



Flo 124 A simple arrangement lor examining absorption of a beam 
of X ra>s by an absorbing layer L. 

X-rays, and that ionization readings arc taken when successive increasing 
thicknesses of a material like copper are placed at 4 m the path of the rays 
Results such as those gtien in Tabic XIII, an actual set taken by Dr T G 
Stoddard, arc obtained These are plotted in graph 1, Fig 125 


TaBtE XlH — ABsonmoK or ah xbav beau bv copbek 


Tfi ekoesJ of Co in mm 

Jntens/ty 

0 

100 

025 

633 

05 

49 1 

075 

29 3 

10 

30 45 

I 25 

26.9 

] 50 

23 0 

1 75 

20 6 

200 

18 J 


From this graph, it can at once be seen that the thickness of copper necessary 
to reduce the intensity of the beam from 100 to 50 units, that is, a first 
5 0 per cent is about 0 46 mm If, however, we attempt to desenbe the quality 
of this beam by stating that the H V L is 0 46 mm , we encounter a difficulty 
The same graph shows that the additional thickness necessary to reduce the 
intensity a second 50 per cent, that B, from 50 to 25 units, is not 0 46 mm 
but more than 0 8 mm Evidently the penetrating power of the rays which 
got through the first 0 46 mm of copper has increased The conclusion is 
obvious — the ortgmal beam mutt have contmned a mixture of rays, some more 
penetrating than others The first absorbinir layers, therefore, removed a 
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greater percentage of the softer, less penetrating rays, thus transmitting a beam 
with an excess of harder rays , u t 

It may well be asked What, then, is the use of describing quality by H V L 
if, when you work with a beam in the way we have just considered, you do 



Fio 12S Absorption of i beam ofx rays by increasing thicknesses of copper In Graph 1 
intensity is plotted against thickness in Graph 2 the logarithm of the intensity 


not always get the same result^ The answer is that the H V L is not of 
much value nor generally used unless the beam of x»rays has been filtered 
before any absorption measurements are made, so that the softer components 
have been almost completely removed The H V L is then a good general 


TaBIE XIV HALE VALUE LAYER 


Kilovolts 


Filtration 
£min Cu 


F Itration 
IS mm Cu 


400 

500 

550 

600 


54 

58 

61 


Cu 


58 
6 I 
64 


Cu 


guide to the average penetration of the remainder of the beam, although even 
then Its exact value will depend on the amount of the original filtration The 
point is well illustrated by Table XIV, which gives some actual observations 
made by Bouwers and Van dcr Tuuk on the very penetrating rays leaving 
a tube operated on four different high volteges 
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Note two things ( 1 ) With the same filtration but increasing voltage, the 
rays are more and more penetrating, as shown by the steady increase in the 
H V L in either the second or the third column (2) After increased filtra- 
tion, m this case 1 5 mm of copper as against 6 mm , the beam, for any partic- 
ular voltage, IS more penetrating In the third column, the magnitudes of 
the H V L are all consistently somewhat higher than those m the second, for 
the same \oltage 

Because of the wide range in the penetrating powers of different kinds of 
x-rays, the nme substance is not suitable for expressing H V L over the whole 
range Soft rays for example, are so readdy absorbed by copper that 
extremely thin sheets would be necessary in mahng the observations required 
to determine a H V L Aluminum is therefore often used as the standard 
substance for soft rays (20 to 120 Kv ) and for the ultra soft region (5 to 
20 Kv ) celluloid may be used For hard rays (120 to 250 Kv ) copper is 
the usual substance, while for the super-hard region tin has been suggested 
for 250 to 600 Kv , and lead above 600 Kv 

When It IS desired to have an intense beam of rays from a tube operated on 
low voltage, as in the Michlett tube described in section 71, or in some types 
of tubes used for diffraction studies, it is desirable to reduce the absorption by 
the walls of the tube itself For that reason windows made of some low- 
absorbing material, such as beryllium or lithium, are sometimes used The 
marked transparency of beryllium, for example, is shown by calculations made 
by T H Rogers on the totil intensity of the radiation from a 50,000 volt 
Machlett tube transmitted by equal thicknesses of beryllium, aluminum and 
Pyrex glass His results show that, if the intensity of the beam transmitted by 
I mm of beryllium is taken as lOO, the intensity after passage through I mm 
of Pyrex glass is only 8, and only 5 after passage through I mm of aluminum 
The element Ithium is also remarkably transparent to low voltage x rays, a 
plate I mm thick absorbing a negligible amount When lithium is used as 
the window of an x ray tube, the outer side must be protected from the action 
of moisture m the air by a coat of grease or some other suitable material 

112 Homogeneous Beam and Exponential Law — In Chapter 
XI we shall learn that it is possible to separate a beam of x rays into monochro- 
matic components just as a beam of ordmary light is broken up into its con- 
stituent wave lengths When a monoebromatic beam of x-rays is examined 
for absorption in the above manner, it is found that no tnntler what the amount 
of the ongtnal filtration, equal thicknesses of the absorbing matenal reduce 
the intensity of the beam by the same fraction, or, in other words that the 
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H VL remains constant whefJier the intensity is reduced from 100 to 50 
units, or from 50 to 25, or from 25 to 12 5 

Whenever the magnitude of any quantity changes according to such a law, 
that IS, whenever, in the case of x-rays, for each successive equal thickness of 
absorbing material, the intensity decreases by the same fraction, the change 
follows the exfonential law Or, to take an example from radioactivity, 
whenever for each successive interval of time, the intensity of the rays from 
radium decreases by the same fraction, the change is exponential As this law 
IS of great importance m radiology, the student should try to understand it 
clearly 

Table XV — an example illustrating absorption op a beam accordimo to the 
EXPONENTIAL LAW 


Thickness 

of 

Absorber 

Intensity 

Lc^anthm 

of 

Iniens ty 

D fference in 
Successive 
Logarithms 

0 

100 

2000 


0 25 mm 

817 

1912 

0088 

OSO 

66 8 

1 825 

0087 

0 75 

54 7 

1738 

0 08/ 

100 

447 

1650 

0 088 

125 

36 5 

1 562 

0088 

1 50 

299 

1475 

0 087 

175 

24 5 

1 389 

0 086 

200 

200 

1 300 

0 089 


In Fig 126 the curved line, which is a plot of the results given m the first 
two columns of Table XV, follows the exponential law, that is, it is applicable 
to the absorption of a pure homogeneous beam of x rajs by successive thick- 
nesses of an absorbing material such as copper Study it carefully and note 
the following three things 

(1) To reduce the intensity from 100 to 50 units, or from 50 to 25 
requires the same thickness of copper, namely, about 0 86 mm 

(2) If we consider the increase in absorption brought about by the addition 
of the same thickness, for example, by 0 25 mm of copper, the reduction in 
intensit) is always the same jracUonal amount, whether 0 S mm is increased 
to 0 75, or 0 75 to 1 00, or 1 00 to 1 25, etc Thus, reading off the graph 
we find that the first 0 25 mm reduces the intensity from 100 to 81 7 units 
or about 18 per cent, the second 0 25 mm , from 81 7 to 66 8, or again about 
18 per cent, or the third 0 25 mm from 66 8 to 54 7, once more about 18 
per cent 

(3) If the logantbm of the intensity is plotted instead of the actual intensity, 
the straight line shown in graph 2 of Fig 126 is obtained This indicates 
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that when ibwrpiion follows the exponential law, the lo- of the infcnsm 
decreases b> equal amounts (not equal fractions) for equal changes in the 
thickness of the absorber The same result is shown by the numbers in the 
fourth column of Table XV If. then, tve wish to test whether a curve is 
exponential or not, a simple way 
IS to plot the log of the varyang 
quantitj, not the quantity itself 
If a straight line is obtained, the 
law is exponential By way of 
contrast note graph 2 of Fu; 125 
Although this IS a plot of the log 
of the intensity of the beam J 
against the thickness of absorber, ’ 
graph 2 is not a straight line 
because the absorption of the 
beam, which is not homogeneous, 
did not foUow the exponential 
law 

113 Proteetjon — Before 
dlscusangmdtcJthtmosltxact pic 126 Gnph. .howms ih= .brap„„„ , 
method of measuring the quality homt>e«neoo» beam of x ra) $ Graph i 
of a beam of x-rays (by analyzing JhH<^w,thm ^ 

It into constituent wave lengths), 

we may here conseniently make further reference to the question of protec- 
tion It wall be recalled that, in section 64, certain facts were given about 
protectme in x ray tube so that, if possbie, no rays leave the tube except 
in the direction in which they are wanted But even if a tube is adequately- 
protected in this way, protection must be provided from the d rect beam 
Itself If sufficiently penetrating, this beam may easly pass through the 
walls of the tube room, causing injury to people in an ndjoining room who 
may be completely unaware of its presence In the diagnostic or treat- 
ment room Itself, great care must be exercised by those actually using the 
beam In screening, for example, where diagnosis is made by visual observa- 
tion of the shadow picture on a fluorescent screen, the diagnostician, who is 
in the direct path of the rays, must be protected This is accomplished to a 
cons derable extent by covering the screen with transparent lead glass of suffi- 
cient thickness to absorb most of the rays which stnke the screen 

Agiin, just as a beam of ordinary light » scattered by fine dust particles in 
the air, so a beam of x rays, on stnkuig matter, may be scattered in all 
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directions and be radiated to places far removed from the direct path of the 
rays (See Chapter XII ) 

So important is the question of adequate protection that the International 
Congress of Radiology has driwn up certain recommendations These are 
printed in an appendix at the end of this book At this stage, we direct 
attention to the following 

(1) Since in the beam which leaves a tube there is always a mixture of 
soft and hard rays, it is generally necessary to remove the softer components 
by filters For example, suppose a deep-seated tumor is being treated by rays 
which, of necessity, must be fairly penetrating If the soft rays were not 
removed by filtration, they would be absorbed by the skin and intervening 
tissue, with consequent danger of serious injury 

Table XM — equivalent lead thickness tor adequate protection 


Peak Voltage 

Minimum Lead Equivalent 

75 Kv 

1 0 mm 

100 

15 

125 

20 

150 

25 

175 

5.0 

200 

40 

250 

60 

300 

90 

350 

12 0 

400 

ISO 


(2) We have already emphasized that the higher the tube voltage, the 
greater the average penetration of the x-ray beam Su table protection against 
50,000 volts rays will not then be adequate for 200,000 volts Consequently 
protection rules specify the necessary minimum thickness of absorb ng matenal, 
for a range of voltages Because of its great density and availability, lead 
is more or less taken as a standard substance m specifying suitable thicknesses 
of absorbing matenal (sec, however, section 134) Thus, in Table XVI, 
taken from the Recommendat ons of the Bntish X-Ray and Radium Protection 
Committee, the numbers m the second column give the minimum equivalent 
thicknesses of lead for adequate protection against rays generated by the peak 
voltages in column one 

If lead Itself is used, there arc the actual thicknesses required If, ho« ever, 
some other material is to be used, then by actual experiment, the equivalent 
lead thickness must be found For example, m Table XVII and Table XVIII 
viill be found equnalent lead thicknesses of iron and of concrete (2 parts 
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balhst, 2 pim smcl, I part cement), as found by the National Physical Lab- 
orator) , England 

Thus, uhen using x-ra)S generated at 200 Kv the equivalent of 4 mm 
of lead IS obtained b) 5 5 cm of iron or 27 5 cm of this kind of concrete. 


TaBIE WJI — CllttYAtEIIT THICKkESies Or LEAD FOB IKOH 


head 

Equivalent 

Pquivalent Thickness of Iron 

ISO 

kv 

200 

kv 

300 

Kv 

400 

kv 

radium 

gamma 

I mm 

11 mm 

12 mm 

12 mm 

11 mm 

2S 

2 

25 

27 

20 

IS 

S 

3 

37 

40 

n 

23 

7 

4 

So 

SS 

3S 

28 

,5 


Table Will — equivalent thicknesses of lead for concrete 


Lead 

Equivalent 

Equivalent Th ckness of Concrete 

ISO 

Kv 

200 

kv 

300 

kv 

400 

kv 

radium 



SO 

60 

50 

S 



ISO 

95 

75 

16 



210 

125 

100 

22 



275 

J50 

120 

29 


It IS interesting to note that at the highest vo/tages given in the tahfes. both tron 
and concrete, relatively to lead, become better absorbers 

PROBLEMS AND QUESTIONS 

1 What effect has the speed of cathode rajs on the natgre of the r ray beam onginat 
ing when the rajs are stopped’ 

2 Dcscr be a simple eapertment to show that m general a beam of k rays cons sts of 
a mixture of hard and soft 

3 Explain the purpose of an inteus fymg screen, as well as the principle underlying 

4 Describe six properties of * rajs 

5 Describe two applications of the fluorescence eicited by x rays m radiology 

6 flow would you test an r ray beam (without using a spectrometer method) to see 
whether it is homogeneous, or not’ 

7 A homogeneous beam of x ravs has a penetrating power such that the half 
absorption \alue of aluminum is 2 mm How much will the intensity of such a beam 
be reduced bj 8 mm of alum num’ /iiri 93 “S percent 
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8 The mtensitj of a filtered beam of x ra}$ is examined before and after passing 
through layers of aluminum 1, 2, and 3 mm thick and ionization values of 100, 80, 64, 
and 51 2 are obtained (a) Is this beam homogeneous and if so, why^ (f>) What is 
the H V L f Am (a) jes, (i) 3 } mm 

9 Explain what is meant by H V L 

10 What IS the general effect of a filter on a beam of X-rays? 

1 1 Explain how the H V L of a beam of x-rays is altered when the tube voltage is 
increased 

12 How IS the quality of a beam of x rays as mcasunetf by the II V.L method related 
to (i) the P D across the x ray tube, (u) the filtration used? 



CHAPTER XI 

MEASUREMENT OF WAVE LENGTH OF X-RAYS 

1 14 Reflection of X-Rays — It has alreadj been stated that the work 
of von Laue and his colleagues m 1912 proved without an) doubt that x rajs 
had a ivave nature ]ust like ordinary viokt and ultraviolet light Before that 
date other expenmenters had tried with some success to prove the wave nature 
of x-raj’s One of the simplest of the early experiments consisted m examining 
whether or not there was any spreading out when the rajs fell on a narrow 
aperture (See Fig HI) Although the results of experiments of this kind 
were not conclusive they d d provide evidence that, t! \ rajs had i wue nature, 
the wave lengths must be of the order of 10 * or 10 ® cm With this 
evidence in m nd it occurred to von Laue that a crystal, whose regular struc- 
ture was known to have a spacing between 
atom layers of the order of 10~* cm 
might act towards \-rajs much the same 
as a diffraction grating acts towards light 
The idea was tested by experiment and 
proved to be one of the most fertlc in 
modern science 

In Laue’s original experiment a nar- 
row beam of x-rays traversed a zinc 
blende crj stal, and the emergent beam Fio 127 An * ray beam along 
(dl on a photograph c Plata On do.d- Sifjfrn. o‘f 

opmcnt the plate showed a regular pattern along CD 
of bright Spots on a dark background 

In interpreting this result W L Bragg of England showed that it was possible 
to look on cleavage planes of crjistals as reflecting surfaces and, subsequentJj, 
in collabont on with h»s father, Sir WHJiani Bragg, developed a technique 
which proved of tremendous value for the annljss of m x raj heim as w ell as 
for the eximinatian of structure of crystals 

Cons der a narrow beam of x rajs represented bj 4C m Fig |27, incident 
on the face of a crystal in a direction makutix an anale ^ viith this face The 
question anses Is there a reflecud beam in the direction CD, as there is if /iC 
represents a beam of light and the crystal face is replaced bj a mirror> 
According to Bragg’s ideas, which expenmciil soon verified minj times over, 
119 
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a cleavage plane of a crjstal with ns vet) regular arrangement of atoms, acts 
as a mirror for x-rays, nature prottdmg the smooth surface necessary to reflect 
regularly waves as short as those of x-rays The reflection of x-rays from a 
crystal, however, differs m one important respect from optical reflection at a 
mirror Since x-rays penetrate matter, there is a scries of reflections from 
successive parallel planes of atoms The beam CD, therefore, in reality 
consists of a number of supenmposed beams, each reflected from a different 
plane of the crjstal 

Now let us enlarge the scale o! our diagram sufficient!) to show successne 
lajers, as we have done m Pig 128^ for four layers Then, remembering that 
the planes are separated dis- 
tances not much greater than 
I0‘* cm , we see that even a 
narrow beam like AC when 
enlarged on the same scale, will, 
m F«g 128, be represented by 
seteral lines such as 1, 2, 3, 
4, with corresponding reflected 
rajs r, 2', 3', 4' Moreover, 
It IS not difficult to see that the 
path of the disturbance along 
1 1' IS shorter than that along 22', 22' shorter than 33', and so on For dis- 
turbances 11' and 22' this path difference is equal to AB + BC as shown m 
Fig 128 With a little simple tngonometrj, this can readilj be shown to be 
equal to 2d sin 6, where d is the distance between successive lajers, and B is 
the angle which the beam of rays makes with the face of the crystal For 
any successive pairs of disturbances, the path diRcrcnce wi\\ be the same 

We see then, that the beam CD of Fig 127, really consists of a superposi- 
tion of a number of beams, with a path difference between every successive 
pair equal to 2d sin 6 Just as with a diffraction grating and ordinary light 
{see section 93), it follows that all the component beams will unite to form a 
resultant intense beam only if this path difference is equal to one, or two, or 
three or more wave lengths Thu means that xs,hen a beam of homogeneous 
x~ra)s ts incident on the face of a crystal, there is a reflected beam of marked 
intensity only for very sfectal angles of mctdence If the incident beam 
contains a number of difl event wave lengths, then, for any given angle of 
incidence, there ts an intense reflected beam only if there ts a component whose 
wave length A ts such that A = sin B, or 2A = 2d sin B, etc Analj sis of a 
beam is possible, therefore, because each cortqjonent is reflected in a direction 
different from any of the others By rotation of a crystal to vary the angle 



Fio 128 Reflection of x rays from successive par 
allel planes of atoms in a ervseal 
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of incidence, it is then possible to spread out a beam , f x ra>s mto first, second 
third order specin, just is in the case of the diffraction grating Frequently 
we ire concerned only with the first order, and in this book we shall confine 
our attention to that order ’ 

115 X-Ray Spectrometer — A common arrangement for applying 
the above principle w the analjsis of a beam of x raj-s is shown in Fig 129 
A narrow heim of x-rajs, after jMssing through the si ts S, and S, cut m thick 
Hocks of lead, is incident on the face of a crystal C set on the table of the 
spectrometer By rneans of a scale rotations of the crystal through small 
angles may be measured accurately A third sht S, is so placed that any 
reflected beam which ex sts may enter an loniTation chamber I placed im 
mediately beliind it This sht must of course be placed so that the line OS, 
makes the same angle with the face of the crystal as the me dent beam S nee 
lor each position of tlie crystal there is only a sngje co-'set position of the 



Fio 129 Diagram showing ihe cssenhaf of an x ray spectrometer 
with lonizac on chamber 


slit S$ and the ionization chamber, these are mounted on an arm by means of 
which they may be rotated about the central axis through O 

In actual use, the incident beam of rays to be analyzed is allowed to stnfce 
the face of the crystal at a numbei of different angles For each angle, s) 
and the ionization chamber are set m the correct posit on and the ionization 
current if any , measured A graph is then made showing the way in wh ch 
the ionization current vanes with the angle of incidence Alon^ide the 
axis on wh ch the angles of incidence are plotted a wave length scale may be 
marked by using the fundamental relation A = 24 sn provided that a 
crystal with known d is used Examples of such graphs are given m Fig 
131 and Fig 132 These will be d scussrd presently 

116 X-Ray Spectrograph — The wnization ch.iraber may be replaced 
by a photograph c plate and a permanent record obtained of the x ray spectrum 
By way of illustration, reference is made to the Serman Spectrograph, an mstru- 
meat, especially designed for rad oloeists, which is small and compact and does 
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a cleavage plane of a cr>stal with its very regular arrangement of atoms, acts 
as a mirror for x-rays, nature providing the smooth surface necessary to reflect 
regularly waves as short as those of x-ra)S T he reflection of x-ra)s from a 
crjstal, however, differs in one important respect from optical reflection at a 
mirror Since x ra)s penetrate matter, there is a senes of reflections from 
successive parallel planes of atoms I he beam CD, therefore, in realitj 
consists of a number of supenmposed beams, each reflected from a different 


plane of the crystal 

Now let us enlarge the scale of our diagram sufiicientlj to show successive 
lajers, aswe have done in Fig 128, for four layers Then, remembering that 
the planes arc separated dis- 



tances not much greater than 
10 * cm , we see that even a 
narrow beam like AC when 
enlarged on the same scale, will, 
in Fig 128, be represented by 
seteral lines such as 1, 2, 3, 
4, with corresponding reflected 


Fio 128 Reflection of x rayj from successive par 1 > 2 , 3 , 4 Moreover, 

allel planes of atoms in a crystal It is not difficult to see that the 


path of the disturbance along 
1 V IS shorter than that along 22', 22' shorter than 33', and so on For dis- 
turbances 1 1' and 22' this path difference is equal to AB + BC as shown in 
Fig 128 With a little simple trigonometry, this can readily be shown to be 
equal to 2d sn 6, where d is the dstance between successive layers, and 0 is 
the angle which the beam of rays makes with the face of the crystal For 
any successive pairs of disturbances, the path d fference will be the same 
We see then, that the beam CD of Fig 127, really consists of a superposi 
tion of a number of beams with a path difference between every successive 
pair equal to 2d sin 0 Just as with a diffraction grating and ordinary light 
(see section 93), it follows that all the component beams will unite to form a 
resultant intense beam only if this path difference is equal to one, or two, or 
three or more wave lengths This means that when a beam of homogeneous 
X rays is incident on the face of a crystal, there ts a reflected beam of marked 
intensity only for very sfeaal angles of mctdence If the incident beam 
contains a number of different wave lengths, then, for any given angle of 
incidence, there is an intense reflected beam only if there is a comfonent whose 
wave length X „ such that ^ = 2d oT 2\ = 2d 0, etc Anal) sis of a 

beam is possble, therefore, because each component is reflected in a direction 
different from any of the othe^ By rotation of a crystal to vary the ingle 
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of incidence, it is then possible to ^read out a beam of x-ra) s into first, second, 
third order spectra, just is in the case of the diffractton gratin': Frequently 
we are concerned only with the first order, and m this book wc shall confine 
our attention to that order. ' 

115, X-Ray Spectrometer — A common arrangement for applying 
the above principle to the anaijsis of a beam of x ra)s is shown tn Fig 129 
A narrow beam of x-ra}S, after passing through the slits 5, and S, cut in thick 
Hocks of lead, is incident on the face of a crjstal C set on the table of the 
spectrometer Bj means of i scale rotations of the crjsttl through small 
angles maj he measured accurafly A third slit Ss is so placed that any 
reflected beam which exists may enter an ionization chamber I placed im- 
mediately behind it This slit must of Course be placed so that the line OS^ 
makes the same angle with the face of the crystal as the incident beam Since 
for each position of the crystal there is only a single co"ect position of the 



Fto 129 Diagram showing ihe easeniiaf of an x ray spectrometer 
Hilii lonitatioo ehamber 

s];t Si and the ionization chamber, these are mounted on an arm by means of 
which they may be rotated about the central axis through O 

In actual use, the incident beam of rajs to be analyzed is allowed to strike 
the face of the erj sul at a number of different angles For each angle, slit S 3 
and the ionization chamber are set tn the correct position and the ionization 
current, if an), measured A graph is then made showing the way in which 
the ionization current vanes with the angle of incidence Alongside the 
axis on which the angles of incidence arc plotted a wave length scale maj be 
marked by using the fundamental relation X ~ 2d sin provided that a 
ciystal With known d is used Examples of such graphs are given in Fig 
131 and Fig 132 These will be discussed presentl) 

116 X-Ray Spectrograph — The romzition chamber ma) be replaced 
by a photographic plate and a permanent record obtained of the x-nj spectrum 
By way of illustration, referenceK mide to theSeeman Sprcirogr/tph, an instru- 
ment, especiall) designed for radiolngisti, which is small and compact and Joes 
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not require as much experimental skill as the above spectrometer. The beam 
to be analyzed enters the instrument through a narrow slit Si, Fig. 130, is 
incident on the face of a cr}Stal immediately behind which a second narrow slit 
Si allows any reflected beam which may be present to emerge and strike a 



Fio 130 The Seeman x ray spectrograph 


photographic plate in position 48 By means of a clock-work mechanism the 
portion of the instrument holding the crjstal and the plate is kept in a regular 
oscillatory motion about the second slit as aicis In this way the original beam 
strikes the crystal behind S- at a 
senes of different angles and regu- 
lar reflection of each component 
takes place in the waj we have 
alread) described Wave lengths 
ma} he calculated b) the use of 
2di.m 0, but actuallj the manufac- 
turer of this instrument provides 
a scale bj means of which wave 
lengths may be read off directly 
from the photographic plate 

117 Shortest Wave 
Length — The graph of Figs 
131 and 132, made from observa- 
tions by the late Dr Duane, a 
prominent x-ray worker at Har- 
vard University, are t}pical of 



Fiq 131 Graphs showing the analysis of a gen 
eral beam of x rays by a spectrometer yi. with 
out filter, B, with filter 


results obtained with the ionization 
chamber The graphs show clearl} 


two things (1) there is alwa}s a 


, , . of wave lenffths in the beam 

"T 1 rr' 1 * wave 

length at which radiation begins Expenment shows that this shortest wave 
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length depends solel) on the maximum \oltagc across the tube, and that these 
two quantities are connected bj- the followmg simple relation 

shortest wat’e length (in angstroms) = 12345 

maximum voltage 

For example, with 80,000 volts as peak value, the shortest wave length i> 
about 0 15 angstrom With 250,000 volts, the shortest is 0 049 angstrom 
Although the shortest wave length is not the most intense (note again the 
graphs of Fig 131), a knowledge of its value gives some indication of the 
quality of the beam 

If the shortest wave length can be read off a scale provided with such an 
instrument as the Seeman Spectrograph, the above relation provides us with 
an accurate method of measunng tube voltage (See again, section 28 ) 
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Tio 132 Graphs »ho<nng the vf^haracieristic X r»5», with 

filter 1 mm of copper, B, »ith filter 12 mm of aluminum 


118 General and Characteristic Radiations — An c\iminitinn «f 
Fig 131 and Fig 132 will show that the graphs differ in one important 
respect In each of those m Fig 131, the radiation covers a continuous 
range, beginning at the critical minimum wave lencth, then rapidl) increasinj; 
to a region of maMmiim mtensit), bejond which the intenot) graduillj 
decreases until the radiation ceases In each of the graphs of f 132, ihere 

*AJlhnus-h the nuiiUr llJtf is a Imle m error, V.nff more iecurXeV «ruun 
12 4 X 10’, 'he error in us nj the ca» Iv rtineinberc i 12 14 5 is less than one per eert, 
an areurar> u’lnlh qu ic jufT ,cnf in ra 1 ol 
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IS an additional feature because isolated peaks of marked intensity occur at 
certain critical wave lengths 

The same two types of x-ray radiation are shown photographically m 
Fig 133, m which each spectrogram corresponds to a different tube voltage 
These photographs show clearly («) the continuous radiation, beginning at 
a critical wave length, whose 
magnitude vanes with the appl ed 
voltage, and (b) the superposi- 
tion, in all but the number 10, of 
isolated wave lengths 

Xhe difference between the 
two kinds of x ray spectra has an 
exact optical analogy If the 
light from a white hot carbon of 
an arc lamp is examined with a 
spectroscope one observes a con 
tinuous spectrum with all colors 
rangng from red to violet If 
the carbon arc is fed with a small 
quantiiy of a salt, barium for 
example one sees superimposed 
on the continuous spectrum iso 
lated narrow spectral lines Anj 
wh te hot object will give a con 
t nuous spectrum but the number 
and the position of the isolated 
spectrum lines depends on the 
material put into the arc 

In the same way, an x ray 
tube with any metal as target, 
and operated on any voltage 
emits a continuous range of wave 
lengths whereas the values of 
,, , , the isolated wave lengths which 

e some^es although not always present, depend on the nature of the 

r// I u the general or white or mdefendent 

rad, n„„„ , the isolated w, VC lengths, the e rad, at, on 

f — The total intens ty of the beam of conBnuons 

rajs depends on the following factors 
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\\A\L LENGTH AND PP\nRAnO\' 

(a) 7V/r Ci^rr^nt through th Tide —Doubk tlie current, and the 
intensitj is doubled, or, more o>rncraJJ>, the mtensH) js directly proportional 
to the current 

(b) The Tube Voltage — The intensit) increases as the voltage across the 
tube increiscs Accortlmg to tht »orl of Nicolas, the enact law is intensity 
varies as (voltage 

(c) The Atomic 0 / the Metal Used as a Target — The higher 

the itomic number, the more intense is the beam 

120. Characteristic Rays — Chvractcnstic rays do not appear at ail 
unless the tube voltage js suffioenfJy high That is the reisoii none appear m 
the graphs of big 131, nor m *pectrum 10 of Fig 133 With tungsten as 
target, potentnls in the nngt 80,000 to 100,000 arc necessary, and with 
unnuim, characteristic nys are not emitted until nearly 115,000 volts are 
applied to the tube The necessary voltage is proportional to the square of 
the atomic number Thus, plaonum, of atomic number 78, requires a voltage 
which IS higher than that for tungsten, atomic number 74, by the factor 
78 X 78 
74 X 74* 

It IS well to note that, the higher the atomic number, the shorter the wave 
length of corresponding* rays This point is illustrated by the numbers 
given m Table ATX 


Tabic XI\ — cOBaeteoNOiNO wave tcHOTHS or roue elements 



Copper 

Silver 

Tungsten 

Uranium 

Wave Length 

1 54 

56 1 

21 


Atomic Number 

29 

47 i 




121. Wave Length and Penetration — Wave length measurements 
show that in radiology the range extends from about I 0 to possibly 0 05 
nngstrom By means of the spectrometer a beam may be separated into its 
constituent wave lengths and the absorption of each examined separately 
The results of such investigations show that in general 1 the shorter the wave 
length, the more penetrating the beam For example, using the numbers 
given in first and fourth columns of Tabic XX, we note thit for A ~ 0 064, 
the H V L in aluminum is 19 7 mm , for A = 0 13, 13 7 mm , and for 
A = 0 26, 6 35 mm For the same three wave lengths, the H V L in 
copper are 3 9 mm , 1 36 mm , and 0 24 mm 

* In sect on 12+, the meaning: of correspond nff ssase lengths is explained 
•f See, however, section 13* 
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The numbers in Table XIX show that if feebl) penetrating (very soft) 
characteristic rays are wanted targets made of metals of low atomic number 
should be used 


Table XX — half value layers for a few wave lengths 
Aluminum 



122 K, L, and M Rays — An analysts of all the characteristic wave 
lengths emitted by a single element shows that they maj be divided into 
groups Table XXI, for example, gives the wave lengths in angstroms of 
three groups emitted by the element tungsten 

In accordance with certain theoretcal ideas to be explained presently, the 
three groups are desgnated K, L, and M A glance at the table will show 
that the wave lengths in the L and M groups ire so long that ordinarily they 
are not used in radiology Some of them are so soft that they are completely 
absorbed by the glass walls of a tube 

Individual lines in any group such as the K are often designated by Greek 
letters For example, the most mtense wave length in the K group of 

tungsten, 0 208 angstrom, is called the K„i line, 0213 is the K^^jlme, 0 184, 

the K^i, 0 179 the and so on 

123 Interpretation of K, L, and M Wave Lengths — In order to 
give an explanation of the origin of charactenstic wave lengths and their 
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arrangement in f.roup>, it ts rvece^virj ti imjl 1} ««imc«lnt the pctiirc of nn 
Horn ^nen m scetnn 16 It was there p« nuil out tl it in ntnm of it( m c 
numher / coii'ists of i miclens «ith n po'tHc ihir^c «f / electronic un ts 
«iirronni!etl ht /electrons '1 he stu Icnt’s work in chinii irj will have mide 
hm familnr with outer vilenc) electrons one «r more of whch may be 
Jetacheil from the jvirent item, Icivm^ i pwtive i ii In the sodium 
famllv, for example, i s ,ule vilenc) clectna is the il tincuishin,' mark 
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elearon in eqiiilihnuin because it i t> 

0,0.0 »h,. »r .h,!l ..o» roll '""'r' „h.rh „ rm...»S 

Suppose, however, that we ^ What now is the snte of the atom 

,hr ,rll,m I,;!., rhorrr.rnM.r •’''™ l\, ^|„„„rn,.,c light' 

ood «hit IS hopprning to tmsc ihr cm |913 h, thr 

The mam (ro,u,rs o( .hr oo.ssrrs ... f.p", ,hr choroc.er- 

Donishph)s.c.stllohr,s'ho,!...ho...n'r. „„„ 

isiic spectrum of luminous lijdrogen „nl.<c nrcvioush it has had 

cannot emit radiation, which represents be expected from 

enerp) communicated to it This, o 5uch as the impact 

the law of conservation of energ) ,5 n,oved farther awa) from 

of a moving electron, the outer valency ^ against the force of 

the nucleus than its normal position, vvor ^bere ts an increase m 

attraction on the valency electron, and m conseq 




158 


WAVE LENGTH OF X-RAYS 


the energy of the itoniic system If now the electron subsequently returns 
to Its normal position, or part way to it, radiant energy is emitted in an amount 
equal to the loss arising from the return of the electron 

To explain the limited number of isolated characteristic wave lengths m the 
spectrum, Bohr assumed (1) that the valency electron could occupy only 
C£tt3.ta ckRiute orbits, and (Z) tl^t (at each ttansiUon from an outer to an 
inner orbit, a corresponding wave length is emitted In Fig 134, for 
example, if the inner circle represents the normal stable orbit of the electron 
in the hydrogen atom, and the dotted circles the possible outer or virtual 
orbits, the lines with the arrow heads represent some of the possible transitions 
which give rise to corresponding emitted wave lengths All this can be put 
m mathematical language and the results tested numerically, but in this book 
we shall consider only the quantitative aspect which connects wave length 
with the energy change 

For each electrorv transition ot yump, a (juantum or packet of radiant energy 
IS emitted The magnitude of a quantum is hy, where A is a definite quantity 
called Planck’s constant in honor of the physicist who first introduced the 
conception of quanta, and v is the frequency of the emitted radiation Since 

frequency = velocity yvhere c is the velocity of all electro- 
wave length \ 

magnetic waves, we may write 

Av = ^ = energy change resulting from the electron jump, or 

1 _ enei^y change 
X he 

It follows that the greater the energy change, the shorter the wave length 
emitted Referring again to Fig 134, we see that when an electron falls from 
orbit Dto A the wave length emitted is shorter than for the fall C to , a fall 
from D to 5 gives rise to a shorter wave length than from C to B, and so on 
The student should avoid giving too great a reality to this picture of an atom 
by thinking of these orbits as similar to circular grooves in which marbles run 
around a center The orbital picture is extremely useful, especially to minds 
which find It necessary to visualize processes, but it must not be pushed too far 
The pioneer work of Bohr has led to an interpretation of the origin of spectra 
which IS more mathematical and much more difficult to visualize than the 
onginal work But the basic relation connecting wave length with energy 
change remains of fundamental importance, and if the student will think of an 
orbit as a particular energy level, he will not go wrong 



interpretation or K, L, and M \\AVE LENCrrHS 1S9 

In examining optical spectra, it is found that members of the same chemical 
familj have features m common, and that an abrupt change takes place svhen 
we pass from one family in the periodic table to the next In x-ray spectra 
however, there is no such periodic change We have already made reference 
to one example of this, w-hen m secnon 120 , it w-as pointed out that as the 
atomic number of an element gets larger and larger, the wa\e lengths of 
corresponding x-rijs steadil) become shorter and shorter The same wnni is 
lUustraied b> the fact that the wave length of all elements is represented 
to a fair degree of accuracy by the relation 

_ 1170 

(Z-l)-’ 

where Z is the atomic number of an clement 
This dependence of wave length on atomic num- ' 
ber, a relation first revealed by the pioneer work *, 
of Mosel), suggests that the emission of charac- , 
teristic x-rajs IS related, not to outer valencj elec- / 

trons, but to electrons which in heavy eJementsare *» ^ ' 

very much nearer the nucleus 

To form some sort of picture of the origin of *^7alli^from'#n"«icer*'t”™" 
characteristic x-rajs, we must examine a little orbit, energy ^ , 4^1 

more careful!) the structure of atoms, particularly 

those of elements containing min> electrons A large number of experimental 
facts hive led ph)sicists to the view that the electrons are arranged around the 
nucleus at increasing distances, in groups or shells, as they are sometimes 
called, designated by the letters K, L, M, N, O, , or by the numbers 
1, 2, 3, 4, 5, . . . Moreover, there is much evidence that the inner or K 
shell has 2 electrons, the L, 8 (subdivided into subshells), the M, 18 (sub- 
divided into subshells), the N, 32, and so on If, now, an atom is ionized 
by the removal of an electron from the innermost or K shell, much more 
work is necessary than that required to remove an electron from the L ring 
This should be clear if it is realized that the electron m the K ring, being 
nearest the nucleus, is much more strongly attracted than when farther away, 
as m an L, or M, or N ring Moreover, the repulsive forces arising from the 
surrounding electrons also make it more difficult to remove an electron from 
the K than from any of the outer shells 

In order to put an atom in the state where the emission of all of its char- 
acteristic x-rajs is possible, first of all the atom must be ionized by the removal 
of an electron from the K shell This may be done by electronic bombard- 
ment of a target, or, as we shall sec in the next chapter, by absorption of a beam 
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of X rays of suitable wave length When an electron has been so removed, its 
place subsequently is filled by another electron coming in or “ dropping ” in 
from one of the surrounding shells If the drop is from the L shell, there is 
a certain energy gain and a charactensdc raj of a definite wave length is 
emitted If the drop is from the M shell to the K shell, the energy gain is 
greater, and a shorter wave length is emitted For a drop from the N shell to 
the K shell, the emitted wave length is still shorter The K group of wave 
lengths, then, corresponds to electron drops or 
transitions from various outer shells or energy 
levels into the K level In Fig 135, 1,2 and 3 
represent three wave lengths in this group 
If an electron has dropped from the L to the 
K level, the vacancy thus created in the L shell 
roust be filled, and hence we have an L group 
of wave lengths corresponding to transitions 
from outer levels to the L level In Fig 135, 
4 and 5 represent two such wave lengths Be- 
cause of the smaller change in energj involved 
in transit ons which end on the L level instead of 
the K, the corresponding wave lengths are 
longer (See again Table XXI ) 

In the same manner we may have an N 
group of still longer wave lengths corresponding 
to transitions of an electron from outer shells or levels to the N level 

In Table XXI, it will be noted, especully for the M group, that more 
wave engths are listed than might be expected from the above explanation 
This is due to the fact that the electrons m any one shell or level, such as the 
M, are arranged m subshclls, and that, m consequence, the energy change 
when an electron goes from one subshcll to the M level, to the K level, is 
sig tlj different from the change corresponding to a transtion from another 
subshell of the M level to the K level 



Tio 13S Schematic diagram to 
depict the emission of K x ray 
wave lengths by electron transi 
t ons to the K shell and of L 
wave lengths by transitions to 


124 Meaning of Corresponding Wave Lengths — In section 120 

reference ™s made lo the fact that the greater the atomic number of an 
T length of a corresponding ra, (See again 

lawe AIX ) B, corresponding rajs we mean those whieh arise from the 
me transition in ciicrg, levels Thus, for aj] elements, the wave lengths 
muted vvlien an eleetron drops tram the L level to the K, or more exact!, 
r K, are corresponding The 

n vv , t c wave engths of such rajs get shorter as the atomic number 7 
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kCIs hrgcr, slmuld nw be evident The greater 7 tlic. greatei tl c positive 
charge on the nucleus, hence the greater the attnction of the ni dcus for i 
K electron, henct the greater the work whtch muse he done to remove a fv 
electron out of its shell When an electron returns to the K shell, there is 
therefore, a greater loss m energ), and a shorter wave length is em tted 

125 Kffective Wave Length — In the above sectons we have ex 
plained how a heim of \ njs may be analyzed into its constituent wave 
lengths Although such an amljys ts. the ideal wij of deserib ng the qualitj 
of a beam, the practical radiologist can scarcely be expected to examine quality, 
in this wa) He can, however, make use of wave length mens irements 
obtained b} other workers under lahoratorj cond tims and b) means of them 
record what is called the effretwe tt.nve length of the beam he js util zmg 
The meaning of effective wave length may be defined m several ways 

(1) IntermsofHVL 

Suppose in operator is provided with a table giving the H V L in copper 
for a senes of monoebromate wave lengths such as we have given in 
Table XA If, then, without an) analyss into const tuent wave lengths he 
determines the H V L for the beam he is us ng, he can read off from h s 
table the wave length of the roonochromatc beam whch has this same 
H V L That wave length would then he taken as the effective wave length 
of his beam 

(2) Through the absorpton of a particular thickness nf a standard substance 

It IS a simple matter to determine the percentage reduenon in intensit; of 

an unanalyzed beam brought about by, sa), i mm of copper This requ res 
onlj two readings with an instrument like an electroscope, one of the rate of 
fall before the introduction of the Jaj er of copper, the other, after the copper 
IS in place (See Chapter XIII ) If, now, the operator is provided with a 
graph or a table giving the percentage absorpton of i mm of copper for a 
w hole range of monochromatic wave lengths, he again can read off the value 
of that part cular wave length wh ch has the same percentage absorption as 
that of the beam he is us ng Th s gives h m h s effective w ave length 

Alternately, from the percentage absorpt on by the copper of the beam under 
examinalon, it is not difficult to calculate the absorption coefficient (See 
section 136 ) Then, from a formula connecting the coefficient with the wave 
length, the value of the monochromatic wave length which has the same coef 
hcient can be calculated This gives the effective wave length 

When th s method is used, care must be exercised to specify the particular 
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thickness of stnndard -ihsorbinj, nnteml used, becTiise soniewhnt different 
values of K are obtained for eich thickness Tor example, in one investigation 
Dr Edith Quimby, of the MemomI Hospital, New York, showed that with 
a 1/10 mm of copper, 59% of a beam was transmitted, and A was found to be 
0 235 angstrom, with 0 47 mm of copper, 50% was transmitted, and A was 
0 208 angstrom, and with a layer of copper 1 mm thick, the transmission 
was 35%, and A 0 182 angstrom 

The reason for such differences in the value of the effective wave length of 
a mixed beam of x-ra)s is due to the fact that, m general, longer wise lengths 
are absorbed to a greater degree than shorter ones As already pointed out in 
section III, a beam containing a mixture of different kinds of rays becomes 
progressively harder, the greater the thickness of the absorbing material 
through which it passes Hence, in methods (2) and (3), the copper used as 
an absorber actually alters the average penetration of the beam which is being 



measured by an amount which is 
greater, the greater the thickness It 
follows that the measured effective 
wave length should become shorter and 
shorter, the greater the thickness of the 
absorber It also follows that the 
thinner the thickness of the copper used 
as a standard absorber, the more nearly 
the measured effective wave length 
represents that of the onginal beam 

(3) Through the ratio of equivalent 
thicknesses of two standard substances 

The graphs of Fig 132 fliustrate 
the important fact that the relative 
absorbing powers of two different sub- 
stances vary with the wave length 
From these graphs for example, we 


L , , I of copper is a more 

fact ‘“PI'S 

wave length”' t ’"b ' """ “PP" 

Duane a” 1 'I"'™'™! thicknesses of aluminum, as determined by 

“n d te" of -ch a graph an opera.o; 

can determine the effecUve wave lengd, of a beam still anoLr way All 
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that IS necessary is to determine by actual experiment ( 1 ) how much the 
beam is reduced m intensity by I mm of copper, and (2) by using increasing 
thicknesses of absorbing layers of aluminum, the particular thickness which 
reduces the intensity of the beam by the same amount as the millimeter of 
copper Suppose the equivalent thickness of aluminum was 16 mm Then 
from this graph, we read off that, for a monochromatic wave length equal 
to 0 1 7 angstrom, 16 mm of aluminum absorbs to the same extent as 1 mm 
of copper By this method, then, 0 17 angstrom is the effective wave length 
of the mixed beam 

126 delation of Focal Spot to Sharpness of Radiographs — In 
earlier pages reference has been mide to differences in the size of the focal 
spots on the targets of tubes Before concluding, it is desirable to look at this 
question in the light of our knowledge that x-rays are short ether waves 
Since this is the esse, in radiography and fluoroscopy, the radiologist is dealing 
with shadow pictures, the details of which should be as clearly defined as 
possible To obtain good detail, sharp shadows are necessary and these can 
only be obtained b) having a smsIJ source of rajs, that is, a fairly fine focal 
spot The case is exactly analogous to the shadow patterns of obstacles pl-iced 
m the path of light rays A small source of light such as P, Fig 62fl (an 
uncovered arc lamp, for example), casts a sharp shadow of an object O on a 
screen If, however, the source of liaht is comparable in size with the object, 
as shown in Fig 62i, the portion of the shadow will be completely dark, 
whereas around it will be a region which receives light from some parts of the 
source, but which is cut off from other parts The shadow is not sharp In 
radfography it is exactly the same, and for good pictures it is necessary to have 
as fine a focus as the energy conditions will allow However, care should be 
exercised that ray s generated from parts of the tube other than the focal spot 
(as sometimes happens, since wherever electrons hu, x-ray s originate) are not 
nllowed to fall on the body to be examined 

On the other hand, in treatment, it is a question solely of the absorption of 
radiation and there is no need whatever to hive a fine focus Indeed, as m 
treatment a tube is generally operated continuously for some time, it is highly 
desirable that too fine a focal spot be not used 

PROBLEMS AND QUESTIONS 

I Describe with diagram the spectrometer method of meajurm" in angviroinj the 
constituent wave lengtl s in a beam of * rajs Intcaie on what two quantiliei the 
magnitude of the calculated wave length tlepenh 
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thickness of standard absorbing mateml used, because somewhat dil 
values of A are obtained for each thickness For example, in one investij 
Dr Ed th Quimby, of the Memorial Hospibil, New York, showed that 
a 1/10 mm of copper, 59% of a beam was transmitted, and A was found 
0 235 angstrom, with 0 47 mm of copper, 50% was transmitted, and A 
0 208 angstrom, and with a layer of copper I mm thick, the transmi 
was 35%, and A 0 182 angstrom 

The reason for such differences in the value of the effective wave lengt 
a mixed beam of x rajs is due to the fact that, m general, longer wave leOj 
are absorbed to a greater degree than shorter ones As alread) pointed ou 
section 111, a beam containing a mixture of different kinds of rajs becor 
progressively harder, the greater the thickness of the absorbing matei 
through which It pisses Hence, m methods (2) and (3), the copper used 
an absorber actually alters tlie average penetration of the beam which is beii 



measured by an amount which 
greater, the greater the thickness 
follows that the measured effectit 
wave length should become shorter an 
shorter, the greater the thickness of th 
absorber. It also follows that the 
thinner the thickness of the copper used 
as a standard absorber, the more nearly 
the measured effective wave length 
represents that of the original beam 

(3) Through the ratio of equivalent 
ihcknesses of two standard substances 

The graphs of Fig 132 illustrate 
the important fact that the relative 
absorbing powers of two different sub- 
stances vary with the wave length 
From these graphs, for example, we 


1 , . of copper IS a more 

0 141 ^ ^ ^ ””” aluminum for wave lengths longer than 

firt tit ess effective for shorter wave lengths Expressing this 

absorhc particular thickness of aluminum which 

wave °c ^ of copper vanes with the 

Duane nre 1 equiva ent thicknesses of aluminum, as determined by 

can determine th ' ^ means of such a graph an operator 

e e ective wave length of a beam m still another way All 
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that IS necessary is to determine b> actual experiment ( I ) how much the 
beam is reduced in intensity by 1 ram of copper, and (2) by using mcreasms 
thicknesses of absorbing la>ers of alumnum, the particular thickness which 
reduces the intensity of the beam by the same amount as the millimeKr of 

copper Suppose the equivalent thckness of aluminum was 16 mm Then 

from this graph, we read off that for a monochromatic wave length equal 
to 0 17 angstrom, 16 mm of aluminum absorbs to the same extent as 1 mm 
of copper By this method, then, 0 17 angstrom is the effective wave length 
of the mixed beam 


126 Relation of Focal Spot to Sharpness of Radiographs —In 
earlier pages reference has been made to differences in t e size o * ^ 
spots on the targets of tubes Before conclud ng, .. is des 'f'"- 
question in the light of our knowledge that a ra,s are short ' 

Since this IS the case, in radiograph, and IlgorMcop,. the 
with shadow pictures, the deeds of which should be ” 
possible To obtain good detail, sharp shadows 

Liy be obtained by having a small source of ra,s, S 

spot The case IS exactly analogous to .he shadow f „ 

,n^ the path of light r.,s A 

uncovered arc lamp for example), casts a rp „ ,th the ohicct, 

screen If, however, the source «< '■* trc^mjhn^ 

as shown in Fig 624, the portion ol th 

whereas around It will be a region aahic The shadow IS not sharp In 

source, but which is cut off from other par „ ,s necessary to have 

radiograph, ,t IS exactly the same care should he 

as fine a focus os the energ, con i 

exercised that ra,s generated from ^ x-ra,s onginate) are no. 

(as sometimes happens, since wherever electrons hit, x , 
allowed to [all on the body to be '“™"' My „f ,|,e absorption of 

On the other hand, in treatment, it is a que,™ 
radiation and there is no need w atever , nme, it is highly 

treatment a tube ,s genetall, operated ronbnuousl, 
desirable that too fine a local spot be not used 


problems and questions 


1 Describe « ith d igram 
constituent wase lengths in 
1 i"n tu I of the calculate 1 ' 


,|e .peetroncer me, lad of me.mrmC 

"be.r.f.m,. lolcamonwha, . 
Aa»e lcn*»th d penis 


angstroms the 
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2 A hcim of X ra)s, consniinj; of boih funeral an«l charaftcrutic m)»* i* anilj/ai 
with an ionization chamber anti a tpictromeicr Indicate the nature of the graph jou 
would obtain If a photographic metlioil were used, what results would )ou obtain’ 

3 Explain why the Sceman spectrograph can be used as a soltmcter 

4 An X ray tube is operated on 110,000 solu What ii the shortest wa\e length 
emitted’ Ans 0 082 angstrom 

5 If the analjsis of an x ray beam showed the shortest state length to be 0 1 angstrom 
unit, what maximum voltage is applied to the tube> 

6 Why can an x raj spectrometer be used as a high tension voltmeter? An x-ray 
tube is operated at a constant voltage Draw a rough graph to illustrate the character 
of the rays emitted If the voltage is equal to 200,000, what Will the shortest state 
length be’ 

7 What IS meant by the effective wave length of an x-ray beam’ Explain the 
fundamental principle mtoKed in us determination by means of a Duane standard graph 

8 Show b\ a graph the distribution m intensity of x-rays with state length when a 
tube is operated at constant potential Indicate any differences that you might expect if 
the operating toltage were changed from say 50,000 volts to 200,000 volts 

9 In a few werit, explain whv, as a rule, L and M radiations arc of no importance 
in radiology 

10 An X ray tube with a tungsten target is operated at P D of (i) 40,000 volts, 

(ii) 100,000 volts In each case the beam of x rays is examined with a spectrometer 

and ionization chamber If ionization is plotted against wave length, draw, very approx- 
imately, the type of curve obtained for each case, marking clearly ihi shortest wave 
length observed, and any outstanding difference between the two curves 

1 1 Radium C emits gamma rats of wave Ungth 0 06 angstrom What voltage would 
be necessary to obtain x ravs of this wave Ungth’ 

12 What IS the general effect of a filur on a beam of x rays’ 

13 A betatron develoyvs electrons possessing 100 mev of envrgy If the electrons 

are made to strike a target, estmute the shortest wave length of the resulting x rajs 
Am 0 000123 angstrom 
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CHAPTER XII 

SECONDARY X-RAYS AND ABSORPTION 

127. Secondary X-Rays — In ths chapter we discuss m detail what 
happens when a beam of x-rajs is reduced in intensity b) passage through an 
absorbing layer Suppose we arrange on x-ray tube and an electroscope, as 
in Fig 137, so that no part of the #i™ar) beam leaving the target can enter 
the window of the electroscope On operating the tube we find that the leaf 
falls very slowly If, however, a bloct of wood, R, IS placed in the path 
of the pnmary beam, the electroscope is discharged more quickly is 
increased ionization is due to the emission 
by the wood of what are called secondary 
x-raj s The experiment illustrates the im- 
portant pnnciple that, whenever x ra>s fall 
on matter, there is n re emission m all direc- 
tions, of secondarj x rays This fact must 
never be forgotten To stand out of the 
direct path of a beam of x-ra)S by no means 
insures protection from them, for we may 

be bathed in ra)S from objects against which 
the pnmar) beam strikes 

Investigations regard ng the nature of 
secondary x rajs show that there arc in 

general two kinds (I) scattered rays, . , 

which m ceneral consist of two components, j 37 Expenmental arrangement 

one whose wove length ,s the sume » the u,.he.e..«™of«ceud.n.x i.y. 

primary beam, the other whose wave length , , .v 

fs longL, (2) ch,T,Mn,U fuorccent rajui which are chacactenstic of the 
Lteital rf the cad, .tor being m fact identical with the chacactens.ic x-rays 
.muted by the same material when used as the rtrget of an x-ra, rube 
An opucal analogy will perhaps help to make the difference between he 
1 1 1 w Tf 1 horizontal beam of red light is pissed through a glass 

two kinds dear J ^ j „( „,lt been added, the 

vessel containing water to wius-n ^ , u i 't'i. 

beam is quite visible when viewed from one side of the vesse This is 
because of light ,c.lU.,d hj the tm, parocles, invisible in themselves, which 
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are in suspension in the water If white light is used, the beam has a bluish 
cast when viewed from one side because the longer red and yellow wave 
lengths are scattered to a lesser degree than the shorter blues and violets As 
we shall see in greater detail later, x-raj scattering arises from the impact of 
the original primarj beam on electrons m the material through which the 
beam is passing These electrons act as scattering centers, causing a re- 
emission of x-rajs, not only at right angles to the original beam, but m all 
directions 

Again if certain substances are placed m the path of the beam from an arc 
light, or in direct sunlight, they are seen to fluoresce with a brilliant and char- 
acteristic color Uranium glass, for example, emits a brilliant greenish light 
in this way, a solution of sulphate of quinine in sulphuric acid shows a 
charactenst c and beautiful blue, and so on for many other substances This 
fluorescent light is characteristic of the substance and is caused by the excita- 
tion 0 the primary beam of light falling on it Characteristic fluorescent 
X‘rays are closely analogous They arc characienstic of the substance and 
result from its stimulation by a primary beam 


128 Scattered Radiation — We note certain details of importance in 
radiology ' 

(1) Scattered rays are emitted in all directions (even backwards) b) 
e ra lator, ut with a maximum intensity in the forward direction, that is, in 

the same direction as the primary beam The shorter the wave length the 
greater the miens ty scattered in the forward direction 

(2) For clement, of low olomte weight a fnmory beam of thort 

tnove length, ,o, no, eneeedmg 0 25 engttmm, tcoUerei r.dmJn „ of 
of th 1 ^ ehoractenitic Since tissue is made up almost entirely 

of the light elements hydrogen, carbon, oxygen, and nitrogen, this means that 

en a beam of short wave length traverses tissue, scattered rays are of very 

wav; 1 i'" ■' ronsidered that their 

rxnenl x™ "" “ *''« beam Further 

hoTZ ,; ""’a'’ u A Gray aniA H Compton, 

s I'e wh »' “ o' nnm,d.fed rays, that 

IdZZai Z" ■“ ■''« of the primary beam and 

r/ntl 7 T “ 'o-Pl- - •IHferen. For hght elemen!, and 
reUwekmueh " '«e»nly of the modified teem ii 

thTii^Ztl: f" "J "" o /-< wheLeon. tho, 

when It trover, e,“Z,L° '"“"‘ " “ " ‘'’'^'henmg of wove length, 
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The magnitude of this cliange in wive length depends on the direction in 
which the scattered rajs are being observed If d> is the angle the scattered 
beam under observation makes with the primary beam, Compton showed 
that AA, the change m wave length, is given fay the relation 

AA — 0 0243 (I — cos angstrom 
Thus, for 4‘ = 90®, the change is 0 02+3 angstrom, for ^ = 100°, the 
change is 0 0486 angstrom Hence, for a pnmary beam of wave length 
0 2 angstrom, the scattered beam observed in a direction at right angles to 
the priinar) , has i wave length 0 22+3 angstrom If the primary beam is of 
very short wave length, 0 05 for example, the percentage change in the 
wave length of the scattered rajs is considerable, this wave length being 
changed to 0 07+3 at 90“ and 0 0986 at J 80* 

The reason for tins change in wave length is given m section 132 

129 Characteristic Radiation — (I) As already noted, fluorescent 
characteristic rij s are identical with the cbaractcnstic rays previously discussed 
(section 120), the difference between the two being solely in their mode of 
generation Fluorescent rays result from the stimulus of an exciting primary 
beam of ways, not from the impact of electrons against a target 

(2) To excite fluorescent rays of the K group the wave length of the 
pnmary beam must be shorter than that of any of the characteristic rays in 
this group Since the shortest wave length emitted hy any of the first 35 
elements in the periodic table is longer than 1 angstrom, and for elements 
with atomic numbers between 35 and 63 exceeds 0 3 angitrom this condi- 
tion IS generally fulfilled for beams utilized in radiology, at any rate for all 
elements except those of high atomic weight To excite the K characteristic 
rays of an clement like tungsten, however, a primary wave length shorter 
than 0 18 IS necessary, for platinum, shorter than 0 16, and for lead, shorter 
than 0 1+ angstrom 

In this connecton an important point relating to filtration arises Sup- 
pose a primary beam contains a mixture of hard and of soft rays and that a 
filter of copper is used to remove the soft components In trovers ng the 
copper, the hard pnmary rays will exate the characteristic rays of copper and 
hence these will emerge from the filter as neJl as a port'O’2 of th~ or/g"}s} 
hard beam Now characteristic rays of copper are soft and may give rise 
to the injunous effect which the Biter is put in to prevent A second sub 
stance, aluminum for example, whose characteristic rays are still softer than 
copper, should then be used on the side of the copper remote from the tube 
This substance will then absorb the soft secondary rays of copper, but its own 
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charactenstic ra)8 will do no harm because thej are so much longer than those 
of copper that even a short thickness of air absorbs them 

(3) Relative to scattered radtatton, characteristic becomes more important 
/or longer wave lengths In tissue, for example, to quote from Mayneord* 
“ for X = 0 2 angstrom, the absorption is 90 per cent scatter and 1 0 per cent 
fluorescent absorption, while at 1 angstrom, some 18 per cent only is due to 
scatter ” Since the wave lengths utilized in deep therapy are often even 
shorter than 0 2 angstrom, we see again the importance of scattered radiation 
in therapy 

For elements of high atomic weight, especially for longer wave lengths, 
absorption due to the excitation of characteristic rays is of greater importance 
than that due to scattered radiation 

130 Photoelectrons — When the wave length of the primary beam is 
short enough to excite characteristic rays, there is a photoelectric emission of 
electrons by the radiator These electrons are of very great importance 
because part of the lomzation caused by a beam of x»rays is due to them 
What happens is this A quantum of the incident primary radiation (if the 
wave length is short enough) has enough energy to eject an electron from 
the IC shell of an atom of the radiator, or, alternately, a somewhat longer 
wave length may remove an electron from the L shell , or a still longer wave 
length, from the N shell In radiology, we are chiefly concerned with the 
removal from the K shell After the removal of the electron, characteristic 
rays are emitted in the way already described in section 123 When the 
incident quantum has more than enough energy to remove the electron, the 
excess energy goes into the kinetic energy of the electron In general, there- 
fore, the ejected photoelectron has sufficient velocity to ionize atoms by 
collision This fact is of very great importance because it is the ionization 
produced in tissue which is respionsible for any biological effects caused by 
X rays 

If, however, the primary beam consists of extremely short wave lengths 
with corresponding quanta of high energy which are greatly m excess of 
the amount necessary to remove an electron, the chance of its removal is 
less than for longer wave lengths (See section 135 ) 

131. Seeing Ions — The mnization of a gas traversed by a beam of 
x-ra>s is very beautifully illustrated in Fig 138, an example of what is some- 
times called a cloud expansion chamber or cloud track photograph As we 

• Maj-nford, The Phjsicj of XRay Thenipj p 4i (ChurcliiU London ) 
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shall have other occasions where we wish to visualize the presence of ions, the 
basic prmaples employed in taking a photograph like this should be understood 
Although we cannot see an ion any more than an electron, it is possible by a 
very beautiful experiment, first performed by C T R Wilson at Cambridge 
University, to make each ion the center of a little drop of water which reveals 
ns presence in unmistakable fashion 

The idea on which the experiment is based is really a very simple one 
When air is laden With moisture, a fog will form much more readily i ust 
» present than if the air is dust-free It has been said that if all the sooty 



smoke which pollutes the air over ““d h, neither thicker 

m some wa) prevented from leaving ) v-„„i,nd The sugges- 

nor mote prevalent over jj'*' ,,„d,„se°s readil) when little 
non IS based on sound around which drops can 

particles of dust or dirt are prew ^ formation 

Lm Now Wilson showed that lonsd. ,,, ^rmed bj 

of water drop In the actual expe fref air the air is allowed to 

a'n ionizing agent ,n mo,st.,„ „„ the ions, and a 

expand suddenl), and thereby . L For each tnwihU ton, a 

flash of light enables a photograph to taken 

wible drop appears ,.,^f«ents a droplet of water and 

In Fig >38, then each htde v,h»^^^^^^ 

XoTZe oML"mns »„ce die, mark then .tads h, the lons 

'^'inmret'rtrld of revealing the «ack of an ionizing panic, e ,s desenhed 
m section 168 
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characteristic rays will do no harm because they arc so much longer than those 
of copper that even a short thickness of air absorbs them 

(3) Relative to scattered radtatton^ characteristic becomes more important 
jor longer wave lengths In tissue, for example, to quote from Majneord* 
“ for A = 0 2 angstrom, the absorption is 90 per cent scatter and 10 per cent 
fluorescent absorption, while at 1 angstrom, some 18 per cent only is due to 
scatter” Since the wave lengths utilized in deep therapy are often even 
shorter than 0 2 angstrom, we see again the importance of scattered radiation 
in therapy 

For elements of high atomic weight, especially for longer wave lengths, 
absorpton due to the excitation of charactcnstic rays is of greater importance 
than that due to scattered radiation 

130 Photoelectrons — When the wave length of the primary beam » 
short enough to excite charactcnstic rays, there is a photoelectric emission of 
electrons by the radiator These electrons are of very great importance 
because part of the ionization caused by a beam of x-nys is due to them 
What happens is this A quantum of the incident pnmary radiation (if the 
wave length is short enough) has enough energy to eject an electron from 
the K shell of an atom of the radiator, or, alternately, a somewhat longer 
wave length may remove an electron from the L shell, or a still longer wave 
length, from the N shell In radiology, we are chiefly concerned with the 
removal from the K shell After the removal of the electron, characteristic 
rays are emitted m the way already desenbed in section 123 When the 
incident quantum has more than enough energy to remove the electron, the 
excess energy goes into the kinetic energy of the electron In general, there 
fore, the ejected photoelectron has sufficient velocity to ionize atoms by 
collision This fact is of very great importance because it is the ionization 
produced in tissue which is responsible for any bological effects caused by 
X rays 

If however, the pnmary beam consists of extremely short wave lengths 
with corresponding quanta of high energy which are greatly m excess of 
the amount necessary to remove an electron, the chance of its removal is 
less than for longer wave lengths (See section 135 ) 

131 Seeing Ions — The lomzation of a gas traversed by a beam of 
X rays is very beautifully illustrated in Fig 138, an example of what is some 
t mes called a cloud expansion chamber or cloud track photograph As we 

•Mijneord The Ph)s cs of X Ray Therapj, p 41 (Church 11 London) 
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shall have other occasions where we wish to visualize the presence of ions, the 
basic principles employed in taking a photograph like this should be understood 
Although we cannot see an ion any more than an electron, it is possible by a 
very beautiful expenment, first performed by C T R Wilson at Cambridge 
Universit) , to make each ion the center of a little drop of water which reveals 
Its presence in unmistakable fashion 

The idea on which the expenment is based is really a ver) s mple one 
When air is laden with moisture, a fog wfll form much more readily if dust 
IS present than if the air is dust free It has been said that if all the sooty 



CnrUiyC T a sedan 

Fio 138 A cloud tracl. photograph showing paths of photoelecifons when a beam of 
X rays traverses a gas 


smote which pollutes the a.r over the city ol London could be consumed or 
in some wa) presented from leaving chimney-s, fogs wou e ' 

nor more prevalent over that clt, than elsewhere in England 1 he sugge - 
non IS based on sound phjsics, because water condenses readil) when little 
particles of dost or dirt are present to act as nuclei around which drops can 
form Now Wilson showed that .on. .bo »e< /o™”'”” 

«/ tt.ler *op. In the actual expenmenul arrangement ions are formed b) 
an ionizing agent in moislure-l.den, but dost tme air, the air is allowed In 
expand suddenl,, and thereb, be cooled, water condense, on the ions, and a 
Hash of light enable, a photograph to he talten fer e.e/i iimnWe lon, . 

“tit” nir."n, each little white do. mpmsen. a dtoplt. of water and 
hence an ion The student should have no difficolT m tracing Uie irregola 
paths ol some of the pho.oelee.rons wore they marl their .ran, b, the ion, 

Ano.her'°r.hod of reieal.ng the track of an ionizing parliele is desenhed 
in section 168 
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132 Recoil Electrons and Scattenng. — To obtain characteristic ra}s 
a photoelectron must be ejected from the atom Scattered rajs, on the other 
hand, arise from the impact of the pnmarj beam against an electron which is 
comparative!} free, that is, an electron not stronglj' held bj the attraction of 
the nucleus of an atom To explain the change m wave length which takes 
place on scattering, it is necessirj to thing of \-rajs as hating a corpuscular 
as well as a wave nature Phenomena of interference have given ample 
evidence that ordinarj light, x-rajs, — in fact, all electromagnetic radiations, 
— have a wave nature On the other hand, it is often neccssarj to interpret 
facts bj' thinking of radiation as concentrated m little bundles called fhotons, 
each photon possessing the quantum of energj, which we have seen in section 
123, is equal to Planck’s constant h multiplied bj v, the frequenej 
Now Compton showed that the observed change in wave length when a 
primary beam is scattered can be readilj explained if wc treat the impact of 
a photon against the scattenng electron m much the same waj as the collision 
of two particles By applying the ordinary laws of consersation of energy 
and of momentum, he showed that if a photon with energy equal to hy stnkes 
an electron (see Fig 139), the photon 



Fio 139 An incident photon on stnk 
mg a free electron is scattered m d rec 
tion * as a photon of longer wave 
length and the electron goes off in 
d rection 0 


goesoff m direction 1 ^ as scattered radia 
tion with energy hv'f where v' is less 
than V, while, at the same time, the 
electron goes off in direction 6, with 
initial energy equal to the difference 
between hv and hv^ This electron, 
usually called a recotl electron, may 
cause some ionization, although some- 
times much less than that of a photo 
electron In some cloud-track photo- 
graphs the ionizing paths due to recoil 


electrons may readily be observed 

When a large number of scattenng collisions take place, there are many 
different values of <t>, with corresponding values of 

As shorter and shorter wave lengths are used, recoil electrons have more 
and more energy Since, as we have noted m section 129, extremely short 
wave lengths cause comparatively little emission of photoelectrons (especiaUy 
m materials of low atomic weight), it follows that for such wave lengths, the 
ionization in a medium like tissue is almost entirely due to recoil electrons 
Stated otherwise, the ionization in tissue caused by x rays generated by poten 
tial differences exceeding, say, 200,000 volts, b more and more due to 
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recoil than to photoelectrons, as the voltages get higher and higher At 
potentials of the order of a few million volts, the phenomenon of pair produc- 
tion becomes important This is discussed in section 206 

133. Nature of Absorption. — We are now in a position to exam- 
ine a little more carefully the reason why an incident beam of x rajs is 
reduced in intensity when passing through an nbsorbing laj er This reduction 
in intensitj is due to one or more of the following causes 

(1) A true absorption, when some of the energj of the incident beam is 
expended in the production of photoelectrons For each photoelectron 
liberated, one photon disappears, its quantum of energy being expended m 
removing the electron 

(2) An apparent absorption due to scattering It is necessary to dis- 
tinguish two tjpes of scattering (a) without emission of recoil electrons, 
(b) With associated emission of recoil electrons 

In case (a) the photons undergoing scattering are diverted out of their 
original paths uit/i no lost o/ energy^ and consequent!) with no change in 
viaie length The intensity of the original beam is reduced, therefore, not 
because any of the original energj is truly absorbed, but because most of the 
scattered photons are deflected out of the path of the primary beam 

In case (b), i photon which is scattered g»es up part of its quantum of 
energy to a recoil electron and consequently is diverted out of the original 
path as a photon of less energy, or of longer wave length Hence the portion 
of the energy of the original photon which is communicated to the electron 
IS truly absorbed 

(3) Pair Production This phenomenon, which can occur only when 
the energy of an incident photon exceeds I 02 Mev, is discussed in section 
206 and for the present need not concern us 

When absorption is dealt with quantitatively by the use of coefficients 
(see section 136), frequently a separate coefficient is used for each process 
Thus, the symbol r is used as the photoelectnc coefficient, o, the scattering 
coefficient, subdivided into <r, for true scattenng, va for absorption due to 
recoil electrons 

As will be evident from the preceding sections in this chapter, the relative 
importance of the various processes, wid hence the numerical values of the 
coefficients, depend both on the nature of the absorbing material and the wave 
length of the pnmarj beam of x-rajs For elements of low atomic weight, 
which are of special importance to the radiologist, and for short wave lengths 
or hard x rays, such as are developed by voltages exceeding say 200,000 volts, 
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photoelectric absorption is small or negligible I or long wave lengths or soft 
rays, generated by potential aiffcrcnces of 50,000 volts or less, photoelectric 
absorption is the more important for light elements 


Table XXII 



Photons 

Electrons 

Element 

X 

inculent 

emeigent 

scattered 

photo 

reco 1* 

Carbon 

01 

2000 

1936 

63 

1 

63 


07 

2000 

1740 

80 

180 

50 

Alum num 

0 1 

2000 

1917 

74 

9 

74 


07 

2000 

491 

10$ 

1404 

40 

Copper 

01 

2000 

1498 

296 

206 

290 

1 

07 

2000 

0 


1545 

1$ 
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U Vap Nostrand Company 1935 


The numbers given in Table XXII will gi\e some idea of the relative 
importance of the vanous processes in the elements carbon, aluminum, and 
copper for the two wave lengths 0 1 angstrom and 0 7 angstrom In 
obtaining these numbers a beam of x rays containing 2000 photons is assumed 
to be incident on 1 sq cm of a piece of absorbing material 1 mm thick 
(actually the number of photons would be much greater than this) and, by 
the use of absorpton coefficients a calculation is made of the number of 
photons emerging in the transmitted primary beam the number deflected out 
of the beam by scattering, and the number absorbed in the production of 
photoelecirons What is of importance b not the actual values of the vanous 
numbers but their relative values 

It should not be forgotten that a scattered photon may be re-scattered, 
with progressive lengthening of wave length, if recoil electrons are generated 
at each scattering that in some cases a scattered photon of lengthened wave 
length may be completely absorbed bberating a photoelectron, that the 
photons associated with charactensoc rays may also undergo scattering, the 
whole process especially ,n a large mass of tissue, being far from simple 


134 Filtration and Critical Absorption Wave Length — Refer- 
ence has frequently been made to the use of filters for removing the softer 
components of a beam and n has been stated that, generally speaking, shorter 
wave lengths are more penetrating than longer This statement we must 
now examine a 1 tde more carefully 
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For a given absorbing substance, it 
IS only partially true to state that the 
longer the wave length, the greater 
the absorption When absorption 
measurements are made over a wide 
range of wave lengths, it is found 
that as the wave length is increased, 
at certain cntica! wave lengths, the 
absorption suddenly falls from a high 
to a low value As a first illustration 
consider the element tin and the graph 
of Fig 140, which shows how the 
absorption for a fixed thickness of this 
element changes with changing wave 
length On the horizontal axis of the 
graph, the wave length scale is m 
angstroms but the scale for absorption 
on the other axis gives only relative 
values Start ng with wave length 
shorter than 0 1 angstrom we note 
that at first tin is extremely trans- 
parent, but that gradually the absorp 
tion increases until the wave length 0 424 is reached At this critical value, 
a sudden drop in the absorption takes place, wave lengths just longer than 
0 424 being transm tted much more 
readily than those just shorter How- 
ever, as the wave length continues to 
increase, the absorption again stead ly 
increases until at approximately 3 
angstroms, there is another sudden 
decrease The qualifying word “ ap- 
proximately ” is used, because actually 
there are three sudden changes, at 
2 77, 2 97 and 3 15 angstroms 

The same general phenomenon 
occurs if tin is replaced by copper, 
except that the first sudden decrease 
in absorption does not take place until 




Fio 141 Graph showing change in absorp. 
t on of copper with changing wave lengths 


the wave length 1 38 angstrom is 
reached In the graph Fig 14] 
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the chin.e ,n the .hsorptioti of copper for wave lengths as long as 0 7 angstrom 
,s plotted Contrast th.s graph vtnth that of Ftg 142, wh.ch applies to lead 
Note that for lead, the value of the first cnocal absorption wave length is U 1 + 
angstrom, a wave length right in the 
middle of the region used m deep 
therapy It follows that a filter of 
lead IS very undesirable, because of the 
high absorption of some of the ver) 
wave lengths which the operator 
wishes to use, that is, those j ust shorter 
than 0 14 angstrom 

In choosing a filter, therefore, care 
must be exercised that there is no crit- 
ical absorption wave length m the 
region in which the wave lengths are 
wanted A glance at the values of 
the shortest (or K) critical absorption 
wave lengths are given m Table 
XXIII, will show that, for the 
ordinar) materials which may con- 
veniently be used as filters, with the 
exception of lead (platinum and tung- 
u wMiiictH ■ucii'ci.i cannot be classed as ordinary 

_ , . , materials), the critical absorption 

w-e .s considerably longer 

than the longest wave lengths usually 
used m radiolog) For all these elements, if we restnet ourselves to radiology 
uses, the shorter the wave length, the more penetrating the beam 



135 The Meaning of Critical Absorption Wave Lengths — 
section 120 we stated that m order to have an emission of charactenstic 
fluorescent ra)s, the incident photon must have enough energy to remove an 
electron from the K or the L or the M shells The energy of the photon is 
absorbed and used to do the work of removing the electron We have also 
previous!) pointed out that the quantum of energ) possessed by a photon has 
the magnitude hr, where h k Planck’s constant and v is the frequenej of the 
x-ra) Suppose now, we begin our absorbing experiments with an element 
1 Vc tin, using first a w ase length as short as 0 05 angstrom The correspond- 
ing frequenc) is then extremely high (since the shorter the avave length the 
higher the frequency), and the quantuin of energy possessed by the photon 
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js far wore than is necessar) to remote a K electron This photon is then 
not readily absorbed because we know from experiments dealing with energy 
exchanges of this kind that the probability of an absorption with consequent 
ejection of the electron is greater, the more nearly the energy possessed by 
the photon is equal to the energy needed to remove the electron Now as 
the wave lenffth of the primary beam is gradually increased, or the frequency 
decreased, the energy possessed by the photon becomes less and less until at a 
certain cntical wave length, 0 424 for tm, it is exactly equal to the amount 


WI]] SHOMT£STOK K OUTtCAL AtSOaPTtOM il’AVS LSSOTHS 

rOR A I-EW COMHOH ELEMCHTS 


Atomic Number 

Element 

Critical Wave Lengths 

13 

Aluminum 

7 93 angstrom 

26 



28 


148 

29 


138 

30 

Zinc 


47 

Slver 

0 48i 

50 

Hn 

0 424 

74 

Tungsten 

0173 

78 

Platinum 


82 

Lead 

0140 


needed to remove the K electron At that stage absorption becomes a maxi- 
mum For all wave lengths longer than this critical value, the photon has 
not enough energj to remove a K electron, and at first there is a marked 
decrease in absorption since the photons in this region have far more than 
enough energy to remove an L electron But once more as the wave length 
increases, the absorption gradually increases again until it reaches a maximum 
at a second critical value, where the energy of the photon is exactly that 
required to remove the L electron Because an electron can be removed from 
each of the L subshells, there are the three cntical absorption L values to which 
reference has already been made 

It IS interesting to note that, if we take the K cntical absorption wave 
length, 0 424, and calculate the corresponding voltage by means of the relation 

, 12354 

maximum voltage =• ; r 

wave length m angstroms 

the value we obtain, 29 1 Kv , is exactly equal to the voltige which must be 
applied across an x-raj tube with a tin target before the characteristic rajs 
of this element are emitted This agreement is due to the fact that, whether 
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wc cxcitc the complete x n) spectrum bj the tmpict o{ electrons against a 
target, or by the absorption of i pnrnir) beam, the atom must be ionized by 
the removal of a K electron In the latter case the energy utilized is that of 
the incident photon whch, as wc have ilready emphasized, depends on the 
wave length, in the former case, the energy is that acquired by an electron 
in falling through the potential difference across the tube The two energies 
must be equal and that is the cause of the agreement between the values of 
the voltage calculated by means of the alwse relation and the cxpenmental 
value found necessary to cxcitc the characteristic rays Indeed, it is not a 
difficult matter to denve the above relation connecting voltage and wave 
length, if we equate these two energies 

If the student will refer bacL to page 47, he vvill he ahle to wntc down 
at once that the energy acquired by an electron after falling through V volts 
IS equal to 

rx I6X 10 »*cfgs (1) 

Again, the energy possessed by a photon 
= hi> 


c frequency 


_ velocity of waves 
"ave length 


6S6X I(h” X 3 X IQ">* 
X in centimeters 

19 68 X 10-» 

\ in angstroms X 10 * 

19 68 X 10-» 


«fgs. 


X in angstroms 

Equating (1) and (2), we have 

^x 16x 10 -'* = 

or 

y (in volts) = 


19 68 X 10-» 

X (in angstroms) 

12300 


(2> 


X (in angstroms) 

(Using more accurate values, we obtain 12395 ) 

= 3^X ^ veloaty of all eleetromsgrietic x^aves 
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136. Absorption Coefficients * — In section 112, Chapter X, it was 
pointed out that when a homogeneous beam is reduced in intensity by passage 
through absorbing layers, equal thiclmesses reduce the intensity by the same 
jractiond amount, or, alternately, equal thicknesses reduce the loganthm of 
the intensity by equal amounts When absorption is studied quantitatively, 
these ideas are utiliaed by adopting absorption coefficients 

The linear absorption coefficient, represented by /i, is, by definition, equal 
to the reduction, per unit thickness, in the loganthm (to the base c) of the 
rntensit} Students who have studied loganthms will perhaps recall that the 
natural base, that is, the base which is used m the calculation of the actual 
numerical values found m log tables, is not 10, the common base, but the 
number e, which is equal to the sum of a senes and to ten decimal places has 
the value 2 7182818284 According to our definition, then, 

1<». /# - log. /t 

p = 

X 

where A is the onginal intensity and I the intensity after the beam has traversed 
a thickness equal to x cm of the absorber 

To be of practical use, that is, in order that log tables may be used, we must 
change over to the base 10 When this is done, the factor 2 30 appears m 
the working formula 

230 (Ic«io/o - logid/) 

“= ; 

A concrete example will illustrate the use of this relation Suppose we wish 
to find p, for copper, for the particular wave length which is absorbed m 
accordance with the results given in Table XV, section 1 12 From this 
table we note that the intensity falls from an initial It, — 100 units to / = 66 8 
units after the beam has traversed 0 50 mm of copper We have, then, 

2 30 (log 100 -log 66 8) 

005 

230(20000- 18248) 

“ 05 

= 8 Of} 

* Sections 136 to 139 may be omitted in a (Int coarse 
t This expression may also be written 7 = 

Xm can also be found using the exponential expression I In this case 

66 8 •= lOOf ** “ or ” 668 From exponential tables ^ can then be found 
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Again, using a thickness of I mm , with I„ — 100 and I — 44 7, we obtain 
2 30 (tog 100- log 44 7) 


= 8 04 

Or, taking one other example, since, when the thickness of absorber changes 
from 1 00 mm to 1 75 mm , the intensity drops from 44 7 units to 24 5 units, 
2 30 (log 44 7 - log 24 5) 

175 - 100 


= 8 01 

The homogeneous beam of rays to which the results of Table XV apply, has, 
therefore, a linear absorption coeffioent m copper of 8 0, and by this number 
Its quality may be accurately described 

137 Mass Absorption Coefficient — Of greater importance than /*, 
IS the mass absorftton coefficient Suppose we compare the absorption of a 
homogeneous beam by water m the 1 qu d state with the same substance m the 
vapor state If we keep the cross-section of our beam constant, we find that 
in order to obtain equal absorption b) vapor and by 1 quid, such a thickness of 
vapor must be used that the total mass of water is the same as m the equivalent 
thickness of liquid This suggests that a coefficient more fundamental than y- 
is one in which we deal with the reduction m intensity fer unit mass, for a 
beam of unit cross section 

Now mass = volume X density 

= cross sectional area X length X density 

= \ X p 

for a beam of unit cross section, length x cm , and density p grams per c c 
From our definition then we can write 

. _ 2^ (log /o - log/) 

mass absorption coefficient = ^ ^ 

total mass 

2 30 (log /q — log 7) 

X p 

P 
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For the radiation dealt njth above, that is, the beam which has a linear 
absorption coefficient in copper of 8 0, ibe mass absorption coefficient, or 

~ *« ^ or 0 90, since the density of copper is 8 9 grams per cc 

In standard tables it is usual!) values of - uhich are given, for different 
P 

substances and different wave lengths For example, in an appendix to 
A-Ra)i in 1 hfory and Experiment b) Compton and Allison (D Van 

Nostrand Co ), tables arc given of the values of-» for all the elements, for 
P 

a wide Tinst of wave lengths A few examples taken froin that book are 
given in Table AAIV 


TatvE \\I\ — vALtES or ** rox AtiMiHtw, caebok and cobpeb 



Using these result*, we note that the wave length whose absorption was 
dealtwuh inTableXV, must have a value between 0 13and0 I75angstrom, 

since Its - for copper to 0 90 


Note that for lurht elements such as carbon and aluminum, the values of 

- (1) are less than those of a heavier element such as copper, for correvpond- 
P 

Tabve roB A rew evementj rom wave length 0 21 ancstaom 



mg wave lengths, and (2) increase with increasing wave length much more 
slowl) for light elements than for heavy The first point is further emphasized 
h) the values "iven in Tabic XXV (taken from Compton and Alison) 
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It follows from the second point that, if we confine ourselves to wave lengths 
within the range given in Table XXIV, copper is a much better matenal for 
a filter than the other two substances, because of the bigger contrast in the 
absorption of short and of long wave lengths 

138 A Numerical Example — Gtven a coffer flate of thteknea 

2 2 mm , find how much tt will reduce the intensity of a monochromatic 

beam of x rays of wave length 0 2 angstrom if - for this wave length ts 

P 

equal to 1 59 

Since - = 1 59 and p for copper = 89 (gms per c c ), 

P 

** = 1 59 X 89 
= 14 1 

Let /g = the intensity of the beam incident on the copper plate, 
and I — the emergent intensity 




or 141=23o! g/;.-'°g^ 

0 22 

-ru f IT , - H 1 X 022 

Therefore, log h - log / = — = 1 35 

or ]ogy=13S 

Using log tables, we find that 

j=22, or /-0(H5/o, 

that IS, the emergent intensity is only about 4 5 per cent of the incident 
Using exponentials we have the following alternative solution 
log/o-log/ 

can be written 
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or, in this problem, 


From exponential tables, wcfind, as before, that 1 = OOtS/o 

139. The Coefficients «r and t — As we have explained in section 131 
of this chapter, absorption results from the two processes of scattering and 
photoelectric emission The coefficient therefore, is frequently separated 
into a scattering coefficient and the true absorption coejficiejit r, or, if we 
use mass absorption coefficients, wc can write 


P 



P P 


In refined measurements » is separated into the component < t $ due to the 
apparent absorption by scattenng, and the component cr* due to the true 
absorption by recoil electrons 

For light elements - changes slowlj with increasing wave length, and 

p 

the mean lalue of 0 2 m the deep therapy region gives a fair idea of its 
magnitude 

The value of r on the other hand, increases rapidly both vvith increase m 
wave length, and with increase in 7, the awmic number of the absorbing 
element, its magnitude being approximately proportional to A,*Z‘ Hence, for 
heavy elements and long wave lengths, values of t run into large numbers 
Even for li >ht elements, if wc deal with wave lengths much longer than those 
encountered in deep therapy, the value of t is many times greater than f 
On the other hand, for extremely short wave lengths, the scattenng coefficient 
becomes the more important liecause the small value of A* makes f small 
regardless of the value of 7 

If we deal with a suffiacntly large range of wave lengths, because of the 
sudden changes m the absorption at the cnticai absorption wave length (section 


135 ), vve havecorrespondingsuddenchangesmboth - and -• Thegraphs 


of Figs 140, 141i and 142 were plotted from values ol-gt\en in the tables 
in Compton and Allison’s Sook 
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It follows from the second point that, if we confine ourselves to wave lengths 
within the range given in Table XXIV, copper is a much better material for 
a filter than the other two substances, because of the bigger contrast in the 
absorption of short and of long wave lengths 

138 A Numerical Example — Gwen a coffer flale of thcknea 

2 2 mm , fini how much tt will reduce the tntennty of a monochromatic 

beam of x-rays of wave length 0 2 angstrom, tf — for this wave length ts 

P 

equal to 1 59 

Since ^ ~ I 59 and p for copper = 89 (gms per c c ), 

P 

P = 1 59 X 8 9 
= 14 I 

Let /o = the intensity of the beam incident on the copper plate, 
and 7 = the emergent intensit) 

Then, n=230'°8^'';'°8^ 

or 141 = 23 o!^^^ 2 JiMZ. 

022 

Therefore, log Jo — log / = = 1 35 

O'" Iogy=135 

Using log tables, we find that 

Jo 

- = 22, or / = 004S/o, 

that IS, the emergent intensity is only about 4 5 per cent of the incident 
Using exponentials, we have the following alternative solution 
log Jo - log / 
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or, in this problem, 


hrom exponential tables, we find, as before, that I = 0 045/o 

139 The Coefficients a and T — As we have explained m section 131 
of this chapter, absorption results from the two processes of scattering and 
photoelectric emission The coefficient ft, therefore, is frequently separated 
into a scattering coeffiaent o and the true absorption coefficient v, or, if we 
use mass absorption coeffiaents, we can write 



P P P 


In refined measurements <r is separated into the component c, due to the 
apparent absorption bj scaitenng, and the component due to the true 
absorption by recoil electrons 

For light elements - changes slowlj with increasing wave length, and 
P 

the mean value of 0 2 m the deep therapy region gives a fair idea of its 
magnitude 

The value of r on the other hand, increases rapidly both with increase in 
waie length, and with increase in Z, the atomic number of the absorbing 
element, its magnitude bemg approximate]} proportional to A’Z* Hence, for 
heavy elements and long wave lengths, values of r run into large numbers 
Even for light elements, if we deal with wave lengths much longer than those 
encountered in deep thenpj, the value of t is many times greater than o 
On the other hand, for extremely short wave lengths, the scattering coefficient 
becomes the more important because the small value of A’ makes r small 
regardless of the value of Z 

If we deal with a sufficiently lai^e range of wave lengths, because of the 
sudden changes m the absorption at the critical absorption wave length (section 

135), wfc have correspond ngsuddenchangesia both. — and — Thegraphs- 

P P 

of Figs HO, 141, and 142 were platted from values of — given in the tables 

P 

in Compton and Allivin’s book 
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140 Scattered Rays and Radiography — The aim of the radiog- 
rapher IS to obtain a shadow picture showing good contrast and definition 
That scattered rajs, in some cases, 
— may lessen the sharpness of the pic- 
’■> ture to such an extent as to make it 

of little use should be evident from 
^ » an infection of Fig 143 In this 

' \ illustrations and c represent the 

' ' 1 \ shadows of three small obstacles, 

, A, B, and C, on a photographic 

' ' ■ 2 \ plate or film If scattered rajs 

were of no importance and the 
• • • focal spot at F were fairly small, 

* * * *, * • A • , ’ ' * such shadows would ordinarily be 

I ( , I * I *■ r sharp and the plate would show 

® ^ ^ marked differences m density be- 

Fio 143 Shadowsofobjeccs/f fl andCarenot tween the regions a, b, and c and 
sharp because of scattered rays from such , j o u ... 

.oora...l 2.ni3 thtit surround ngs Suppose, hrsw 

ever the objects /^, B, and C are 
surrounded by other particles of matter (as indicated by the small dots) which 
scatter x-rays in all directions In that case sharp shadows would only be 
possible when the objects A B, C 
were placed near the plate or film, 
somewhat as illustrated in Fig 144 * V 

If the objects are not near the film, 

sharp shadows will no longer be pos ' 

sible for two reasons In the first 
place the scattered rays from each 

particle such as 1 and 2, Fig 143, \ 

will cast their own shadows and for » 


each particle the shadow due to this 
cause will occupy a different postion 
Again scattered rajs from many of 
the pirticles can pass under the objects 
and m this waj affect the photograph c 
plate m the region which the object 
sh elds from primarj rajs For these 
reasons a good rad ograph under such 



Fie 144 Shadows of objects B and Care 
sharp if objects are close to the photograph c 
plate 


condit ons would be impossible Now whenever an operator wishes to make a 
rad ograph of a thick portion of the body he is up aga nst th s difficult) Cer- 
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nm parts cannot be brought near the plate and scattenng of x rajs makes it 
impossible to obtain good results Can the difficultj be overcome in an) waj ^ 

There are t\so wajs in which the desired improvement in contrast maj he 

obtained, (1) bj diaphragmmg, (2) by theuse of the Potter-Bucky Diaphragm 

141 Diaphragms and Sec- 
ondary Rays — Diaphragm- 
ing consists in limiting the aper- 
ture of the primary beam by 
means of an opaque filter with 
suitable opening In Fig 145, 
for example, AB represents a 
diaphragm which limits the area 
of the beam on the plate to MN, 
whereas had a diaphragm been 
used of the size indicated by the 
dotted lines, the area would have 
been limited to CD If now n is 
possible to diaphragm sufBciently Fic H5 Effect of diaphragm on the cone of r«y» 
when radiographing a thick body, 

considerable improvement in the contrast can be obtained This may best be 
shown by giving some experimental results of Wflsey, of the Eastman Kodak 
Co , who made an extended stud) of the effects of scattered raysm radiography 

Wilsey by a simple experimental arrangement was able to compare the 
photographic miens ty of the primary or focal beam with that of the scattered * 
Using an aperture which gave a picture on the plate 20 inches in diameter, and 
a lajer of water 6 inches thick as the scattering matenal, he found the mien 
sity of the scattered radiation to be 4 9 times that of the focal beam By 
diaphragming until the picture was 8 inches m diameter scattered rad ation 
was reduced to 4 times the focal, while if the picture were made 4 inches in 
diameter, the ratio was reduced to 2 In other words, if one could con- 
venient!) use a picture 4 inches in diameter, the effect of scattered rays is cut 
down considerably, but with a scattenng layer 6 inches thick the effect of 
scattered rays is still twice that of the direct rays from the focal spot While 
some improvement, therefore, is obtamed by cutting down the aperture of the 
beam, the method is limited in its application and at best not very efficient 

142 The Potter-Biicky Diaphragm — In the Potter-Bucky dia- 
phraem, the radiographer is supplied with an arrangement which very con- 

* Under ‘ scaltered ’ is also included tie radiat on \>h ch might be present due to 
jays or g nating at j laces other ihin the focal spot 
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siderabl} reduces the effect of scattered rays when thick portions of the body 
are being photographed The underlying principle, as first suggested by 
Bucky, IS simple Suppose, as shown in Fig 146, a grid of lead strips, separated 
by narrow slots, is placed between the object to be radiographed and the photo- 
graphic plate If the lead strips are placed so that they lie lengthwise along 
a curve somewhat as shown ui the figure, it should be evident that if the target 
IS so placed that the focal spot coincides 



with the intersection of the dotted lines 
in the figure, the only rays which can 
get through the slots and so strike the 


photo plate are those in the direction of 


the focal beam. Secondary rays in 


other directions are cut off by the lead 



Fio 146 Shadows of the objects and B 
are case only by rays travelling m the 
direction of the primary beam 


strips, as IS clearly shown in the figure 
in the case of a few rays from particles 
1, 2, and 3 Sharp shadows of objects 
such as A and B, therefore, are cast. 
With a stationary grid of the kind 
described, however, such radiographs 
would be of little use, because the 
shadows of the lead strips themselves 
would be superimposed on the picture 


In the Potter-Bucky diaphragm this 
difficulty IS overcome bj adopting the simple device, suggested by Dr Potter, 
of keeping the grid in steady motion throughout an exposure By this means, 
since each portion of the plate is covered for the same length of time by each 
lead strip, the effect of gnd shadows is eliminated With such an arrange- 
ment excellent radiographs may be made of the thick portions of the body 
The gnd moves along a curved track and is thus always in the position to allow 
the passage of primary rajs, while immediately above the grid a thin curved 
sheet of metal supports the patient 


143. Causes of Grid Shadows. — In using a Bucky diaphragm the 
time of exposure is increased considerably. This should be evident when it 
IS remembered that under certain condinons the intensity of the scattered 
radiation maj be as much as five times greater than that of the primary beam. 
If most of the scattered rajs are removed by the grid, there is a consequent 
increase in exposure time. 

To make the time of exposure very short, as is sometimes desirable, x-ray 
beams of high intensities must be used, that is, the tube current must be high. 
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Now when the Bucky diaphragm is used and the exposure is very short, some 
times shadows are observed on the photographic plate even if all the mechanical 
Conditions such as tube position are satisfactory. 

One cause of these shadous arises from a very high surge in voltage which 
may develop in some circuits when the primary circuit is closed at an instant 
when the alternating current is not at its zero value Such surges, magnified 
by the high tension transformer, cause a momentary large tube current, and, 
therefore, a momentary extreme!) intense “flash ” of x-ra}S, a beam which 
maj be so intense as to throw a gnd shadow on the plate To prevent this 
t)pe of grid shadow an arrangement, such as the VVestinghouse Ignitron 
Tuner, is used to insure contact of the pnroarj switch being made at the 
nght instant 

A second cause of gnd shadows anscs if the tube current is intermittent, as 
It is in ordinary self-rectifying units, or half wave, or full wave rectifiers (see 



Fw J47 Toillustritesyncfifonieanonc-find jhjii&'vi andJ 

again, Figs 78 and 85) With the types of current shown in these figures, 
there are reilly a senes of “ flashes ” of beams of \-rajs, each following the 

other (when the supply is 60 cycles per second) after an interval of ~ 
second for full-wave (Fig 85), or of ^ cjcle, for self-rectified or half-wave 
arrangements (Fig 78) 

Suppose an operator is taking a high speed photograph with a Bucky dia- 
phragm It might easily happen that the motion of the moving gnd would 
synchronize with the flashes of the x-ray beam This would happen if the 

speed of the gnd were such that every “ second, for full nave, or — 

of a second, for half-wave, the gnd moved such a distance that the shadow 
of the strips came in exactly the same place each flash In Fig 147 n, b, c, d 
represent four successive positions of the gnd shadow pattern when there is 
this type of synchronization 

Such shadows could not possibly occur with consunt potential x-ray equip 
ment because m that case there would be no intermittent flashes, but a nearly 
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steady tube current, as shown previously in Fig 89 At least one manufac- 
turer has shown that even with a full-wave generator, it is possible to attach 
a unit, the Grid Line Eliminator of the Westmghouse, for example, which con 
verts the pulsating potential into constant, “ the capacitance of the Eliminator 
being such that during the exposure there is no moment when the x-ray 
intensity falls appreciably low ” This unit is such that it may be readily 
switched in or out, that is, so that either constant or pulsating potential is 
available 


144 Lysholm Grid — Dr Lysholm has shown that it is possible to use 
a suitably constructed stationary gnd In this, absorption of scattered radia- 
tion is accomplished by exactly the same means as in the Bucky diaphragm 
Although It IS designed for fluoroscopic use, the manufacturer of the Lysholm 
grid states that it may be used with advantage in radiography because the faint 
shadow of the lead strips “ by no means interferes with the diagnostic value of 
the radiograph ” The gnd is a light flat sheet which may conveniently be 
put into position and used to advantage by a radiologist whose outfit does not 
include a Potter-Bucky diaphragm 


PROBLEMS AND QUESTIONS 


1 Descr be two ways of obtaining x rays characteristic of the matter from which they 
are emitted 

2 A tery penetrating primary beam of x rays traverses a layer of matter containing 
both heavy and light elements and an observer with suitable apparatus examines all pos 
sible secondary emissions from the matter in a direction at right angles to the primary 
beam State with brief explanations, what he ot^erves 

3 Expla n what scattered x rays are and discuss their importance m radiography 

+ D stingu sh between scattered and characteristic fluorescent secondary x rays 

5 Describe an experiment to demonstrate the existence of secondary x rays 

6 Describe an experiment to enable you to find the relative intensities of the primary 
beam and of the secondary rays, at a given place in a medium traversed by a beam of 
xrajs 

7 Discuss the importance of scattered rays m radiography and show how their harmful 
tttects may be minimized by the use of a Potter Bucky Diaphragm 

8 Explain the construction of a Potter Bucky Diaphragm State why it is used and 

under what conditions r a , 


9 A^am of x rays traverses a layer of matter D scuss what happens to the beam 
U What IS meant by the critical absorption wave length of an absorbing substance^ 
Why is a knowledge of its value important m choosing a filter’ 

II Explain why lead is not a su table material to use as an x ray filter 
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H. A homojcncous radiition is riducrd in imcn<it} 50 rent b) a t!uckn«s of 0 5 
mm of copptr (a) Plot a graph showing how the inltrxil} falh off uith increasing 
thickness of roj'pir (Note — Obtain 5 points tn jour gcaj h, vniii: copper rhicknets of 
t) 5, 1 5, 2 0, 2 S| and 3 0 mm ) (ft) What is the niiiK gisen in this ijj's of graph’ 
Gise ts'o eTatnjlcs of radiations whose absorption is governed bj a graph of this kind 
(f) Find the linear absorption rocfficient for the above radiation (i) If the densitj 
of copper IS g 9 grit jivr cc> find the mass absorption coefficient (e) Find the 
emergent intcnsit> for a la)er of topper 26 mm thick (c) t 3g, (/) 0 155, 

(/) 2 * percent 

15 A parallel Uain of x rajs of wavelength 0 050 A U enters an lomration chamber, 

and ns mtensifv is found to be 100 (a) Find the mterisiiies when I mm sheets of Al, Cu, 

and Pb art jn turn interposed in ihe beam The densu/rs are 2 7£>, S 93, and J I 37 gm 
j'er cc respect i\ el), and the masj ahsorpiion rnefiicienis are 0 H3, 0 263, and 2+7, respec- 
tive!) dnr 96 2, 79 I, 6 06 (4) Find the thickness of Al, Cu, and Pb which will 

reduce the intensitv of the Uam of wave length 0 0*0 \ CT to half value when interposed 
in turn 0, 2 9], 0 24? mm 

16 When an unfiltered beam of » ra>s is anal}zed b) an ionization spectrometer, indi 
rate the general ntiurc of the rune olnamcvl (>) vvhen characteristic ra)t are absent, 
(ii) when the) arc prevnt 

1 7 If the n V L of a homogeneous lieam of * r4)-s is 2 trtm AI, find b) how much 

the jntensit) nf the beam is reduced bv 6 mm At Bv *7 5 per cent 

IS State two practical wa)S b> means of which K wave lengths from tungsten can be 
emitted 

19 Name the two efatses of secondary x-ra)S indicating bnefi) what rnnneetian, if 
anv, eiisis Iwiveen rarb and (i) photorlertroos, (ii) recoil electrons 

20 Fxplain the meaning and the origin of (i) photoelectrom, (ii) recoil electrons 

21 WTien there is a changv in energy doe to an electron transfer in an atom, how is 
the wave length related to the magnitude of the energy change’ 

32 Jut an) umiUfities or thfftrtncft between 4c/d ra>r, fhoiteleeirorti, rteoil 

fhrlrens 

23 A homogeneous beam is reduced in intensity from 100 to 30 umti by 1 mm of 
Copper Find Ihe intensii) after the beam has passed through 4 mm of copper 

24 A photon A on ttri\)ng a material gives rise to a photoelectrofti a photon B to a 
recoil electron In each case, explain what happens to the original photon 

25 \ homogeneous l»eam of X ra)S bat a ll V I* of 0 5 mm Cu Find what per cent 
IS transmitted by 1 4 mm Cu /fni H 4 per cent. 



CHAPTER Xin 

MEASUREMENT OF DOSAGE FOR ROENTGEN RAYS 

145 Quality and Intensity — In the field of radiologj , x-ra) s are used 
in t\so general wi)s (1) m dnsnosis, either bj photograph} or by the use of 
the fluorescent screen, and (2) m thenpy, where the atm is to bring about a 
bcneficnl effect on diseased tissue In the latter field, where the rays are an 
acent for treatment, it is just as important to know the “ dose ” as it is in 
prescribing ordinary medicines In either case, too large a quantity may kill 
instead of cure the patient It is necessary, therefore, to consider somewhat 
in detail this whole question of dosage 

first of all. It will he eaident that to describe accurately a given beam of 
x-rays two ihines must be known ( 1 ) its quality , and (2) its intensity at any 
particular place in the path of the beam We have already explained how the 
quality is described by giving the constituent wave lengths of the beam, or its 
effective wave length, or the 11 VL m some standard material So far, 
however, altliough some use has been made of the idea of intensity, the exact 
meaninj. of this term and its relation to dosage has not y et been discussed The 
distinction between the two quantities, while simple, is so important that it is 
woftli while notinj, an optical illustration Suppose a red glass is held in the 
path of t!ie beam of li^ht emerging from a projection lantern and falling on a 
•erren If the Ii^lit inside the lantern H made brighter (as can readily be 
dine III ilie case of an elcctnc arc hy increasing the current), the red spot also 
f'ceomes hn^hier ] he luht falling on the screen is still red, that is, its 
qual 1 ) IS unchanged, hut its intensity has been increased 

\ca a in v.und, a tuning fork may be struck very lightly vi that it is difficult 
to hear the emitted note, or it may l>c struck violently and heard at a con- 
saleraUe diMance In lw>th cases the quality of the emilied note is the same 
(imlns harmonics arc present), in the latter case, however, the intensity is 
greatly increased 

m x-rais, wc mijht operate a Corjidgc tidie always at constant voltage, 
< l in one case with 1 .w millumperage, in a second case, hi^h The effective 
wave lengtlsin the two cases would differ hut Imlc, in the second case, how- 
ever, the mtenvtv w. u!d I'e greater than in the former 
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146 Absolute Intensity and I^w of Inverse Square — From the 
foci! spot on the face of the target of in \-r-iy tube, a beam of x*ra)s 'Spreads 
out mucli the same as ordinary light rays from a small source of I ght In 
each case enei^ is radiated from the source, and in each case the miens ty of 
the beam at anj point is measured fundamentally by the radiant energy which 
each second passes through unit area placed at nght angles to the direction of 
the beam at this point 

In either case, if no energy is lost by absorption, it is not difficult to see that 
the intensity falls off with increasing distance according to the inverse square 
law In Fig MS, all the enei^ which passes through the area ABCD also 
passes through the area A'B C’D', 
since both x ray s and light rays are 
propagated in straight lines Now 
if the distance FA' is evactly twice 
FA, then the area A B C’D' w ex- 
actly four times the area ABCD 
TTierefore the energy received per 
second per unit arei at any point in 
A'BC'D’ js one quarter of the 
energy received per second per unit 
area at any point m ABCD In 
other words if we double the dis- 
tance, the intensity falls to one quarter the lalue, or, in general, the intensity 
falls off inversely as the square of the distance from a small source, provided 
there is no absorption 

147. Meaning of Intensity tn X-Ray Dosage —When x-rays are 
used for treatment, m genera! pari of the x ray energy is absorbed, part is 
transmitted Obviously the part which is transmitted plays no part in any 
beneficnl or harmful effects the beam may have on tissue The radiologist, 
therefore, is interested only m the portion of the beam which is absorbed by the 
tissue He might, for example, have at hs disposal t«o beams, one of strong 
intensity (measured fundamentally ) and of extreme penetration, the other, of 
weak intensity and of feeble penetration If each fell on the skin of a patient 
the second might have a greater biological effect than the first and if so, we 
might correctly say thar as far as skin treatment is concerned ns biological 
intensity was greater than that of rfie Bist ierm 

In X ray dosage, we are interested in the absorbed energy only, and when 
we use the term intensify m radiology, we really are thinbng of the absorbed 
energy per square centimeter per second To disunguish this from funda- 
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mental or absolute intensity as defined above, the term effective intensity may 
be used, but, as this is not done in actual practice, we shall not do so It must 
not be forgotten, however, that henceforth when we use the term intensity, 
we are thinking of its use in this restricted sense 

148 Means of Measuring Absorbed X-Ray Energy — The prac- 
tical dosage problem m therapy, therefore, is to find in some way a means of 
stating that in a particular treatment so many units of x-ray energy were 
absorbed by tissue At the outset it may be suted that there is at present no 
means of measuring directly the energy absorbed b) tissue We are forced 
to make use of the change which x rays on absorption bnng about in some 
purely physical medium For example, when x-rays fall on a strip of paper 
coated with a photographic emulsion, the rays which are absorbed cause a 
blackening of the paper after it is developed and the greater the amount of 
absorbed x-ray energy, the greater the blackening of the paper Now if a 
beam of x-rays falls simultaneously on the skin of the human body and on a 
piece of photographic paper, the degree of blackening of the paper after devel- 
opment might be taken as a measure of the x-ray energy absorbed by superficial 
tissue during the time of treatment As a matter of fact, in the pioneer days 
of dosage, such a method was used to some extent It has one fatal objection 
— along with others — and that is, that the absorption of x-rays by the photo- 
graphic emulsion does not change with changing wave length m the same way 
as absorption of tissue changes with changing wave length 

It is worth while briefly examining one or two other properties of x-rays 
which were utilized in the attempts to establish a satisfactory means of measur- 
ing dosage In the 'pastille method, at one time used to a considerable extent 
by radiologists, the dose was measured m terms of the change in color in certain 
salts which results from the absorption of x-rays A salt of banum platmo- 
cyanide, for example, m the form of a round pastille some 8 mm m diameter 
was exposed to the ray s, the pastille being placed on a metallic sheet at a distance 
from the target equal to one half the distance to the patient When in this 
position the absorption of a certain quantity of x-rays changed the color of the 
pastille from the onginal pale green to a brownish yellow, called Tint B 
When rays were allowed to fall on the patient until this color change resulted, 
a unit dose as measured this way was delivered to the patient 

At the best this method could not be more than a rough guide More- 
over, neither this method nor that of the photographic strip gives any 
indication of the energy absorbed by tissue at some distance below the sur- 
face of the skin The pastille method is also open to the same objection as 
was made to the use of the photographic stnp The absorption by the pastille 
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matenal with changing wave length does not parallel the corresponding change 
in absorption by tissue. 

A somewhat more scientific method made use of the property which x-rays 
have of decreasing the electrical resistance of the element selenium A1 
though this method, as exemplified in the Furstenau intennmeter, is open to 
similar objections, it is worth a brsef examination if only for the sake of further 
illustrating some of the difficulties imolved m the measurement of dosage 
The experimental arrangement consists cssentnlly of a selenium cell, Se, 
Fig 149, placed inanelectnccircuitmsenes with a battery and a galvanometer 
When no beam of x-rays is incident on the selenium the position of the pointer 
of the gahanometer is marked zero If now a beam of rays falls on the cell, 
Its resistance alters, the current increases, and the pointer takes up a new post 
tion at which it remains, provided the mtensity of the beam does not alter 
If the intensity of the beam is increased, a corresponding greater deflection is 
indicated Hence the galvanometer scale may be marked in arbitrary units 



Ro 149 To iJiustrate the use of s eelenium 
cell in meuurms ic ray mcensines 


which are proportional to the in 
tensity of the x ray beam, or, more 
accurately, to the intensity absorbed 
by selenium 

Suppose It were found that when 
a cerviiTt beam, whose intensity was 
2 units as measured by the scale of 
this instrument, fell on the skin of a 
patient for 30 minutes a mild ery- 
thema was produced It would 


then be reasonable to state that, measured by this method, the pirliciilar dose 


required to cause such an erythema, is 2 X 30 or 60 Furstenau units If 
another time, a beam of the same quality were used but of intensity 4 units on 
this scale, it would be natural to assume that to produce the same biologrcal 


effect, the rays would have to fall on the patient for only 15 minutes, since 
4 X 15 = 60 units as before But the assumption that a weak intensity 


for a long time has the same effect as a strong for a correspondingly shorter 
time IS not necessinly true, and has lo be justified 

Again, if the quality of the beam of rays was now changed and its intens ty 
adjusted until 2 units were again recorded by this intensimeter, it ivould be 
found that the time required to produce the erythema was no longer 30 
minutes A separate calibration would then be necessary for each kind of ray 
On the whole — and there are still other objections which need not be 
discussed this method is not good enough for the exact measurement of 


dosage 
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149. Dosage by Ionization. — TheonI) propertj of x-rajs uhich can 
be used sansfaciorilj as a means of csaluating a phjsical dose hanng a direct 
relation to tissue dose, is the abdit) of a beam to ionize a gas like ordinarj air. 


There are seteral reasons for this 

(1) 0\er a tvide range of \sa\e lengths the ionization of air is directlj 
proportional to the x-ra} energ} absorbed 

(2) Since tissue IS largel) composedof the Lght elements h}drogen, ox} gen, 

carbon and nitrogen, svhat we 

1 might call the effecose atomic 

weights of air and of tissue do not 

differ to anj great extent. It is 

*“ = useful to remember that, o%er a 

- wide range of wa\e lengths, the 

^ absorption per gram ss nearly the 

I same for a:r, for uater, and for 
Q tissue 

Fio lio A T 07 C (3) CIos.1) rtlated to (2) is ths 

indicates a euireni when a warn of x rays fact that the absorption of air 
lomzes the air between P and Q l u >. t ...w 

* changes mth changing wase lengtn 

in the same way as the absorption b) tissue 

(4) It IS highl) probable that the pnmar) cause either of the beneficial or 
of the injunous effect of x-rap on tissue is due to ionization 

(5) The ionization method of measuring absorbed \-ray energj lends 
Itself to the establishment of a con- 


lenient, unnersal unit, which may 
readil) be realized 

It is necessar) , therefore, to stud) 
in detail the whole question of ion- 
ization of air and its use m the meas- 
urement of x-ray dosage 

150 Saturation Ionization 
Current — Consider the two ar- 



rangements illustrated in Fig 150 
and in Fig. 151 In Fig 150, 
two plates, P and Q, separated 
an air gap, are joined in senes wath 


Fig 151 A charged electroscope attached to 
P ■$ discharged when a beam of i rays ionizes 
the air between P and Q 


a batter) B and a set) sensime galvanometer. In Fig 151, the plate Q is 
grounded and the insulated plate P i$ joined to the leaf of an electroscope 
With the galvanometer arrangement there is normall) no current because 
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for motlerate voltages air is a good insulator With the electroscope arrange- 
ment, if the insuhted plate and the leaf ire given i charge, the leaf remains 
statjonar} for the same reason * Non supposes team of x-rajs, indicated by 
the dotted lines in these figures, traverses part of the region between the 
plates P and Q The atr in its path is then ionized and, in the arrangement 
of Tig ISO, the galvanometer (if sensitive enough) tnd cates a current or, m 
Fig 151, the leaf of the electroscope falls A stcadj deflection is recorded 
b} the galvanometer, because as long as the x ray beam is m action, there is 
a stead} stream of ions, positive to the negaOvc plate, negative to the positive 
If the insulated s}stem m the electroscope arrangement is positively charged, 
negative tons will go to P (positive to the earthed plate Q), and the leaf will 
drop at a rate which depends on the magnitude of the current of ions 

Should the beam of x-ra)S be made more intense, a greater number of ions 
IS formed in each unit volume, a bigger ionic current flows, and a greater 
deflection is recorded by the gal 
vanometer, or, with the other 
arrangement, the leaf falls at a 
faster rate Hence, either ar 
rangement provides us with a 
convenient means of measuring 
the (absorbed) intensity of an 
x-ray beam, the first by the 
steady deflection of a galvanom 
etcr, the second by the rate of 
fall of the leaf of an electroscope 
Fro 152 Theeeiefltial/eawrefofjjtandardioni To mahe sure that the galv&n- 
aation chamber omeler deflect on or the rate of 

fall of the leaf is exactly proportional to the absorbed mtensit), an important 
condition must be fulfilled, and that is, the lonizaUon current must have 
Its saturation value This means that the potential difference between the 
plates P and Q must be large enough to remove ail the ions as fast as the} 
are formed If the voltage is too small some of the positive lOns will unite 
with negative, or, to use the technical term, a certain number of positive and 
negative ions will recomhne The voltage, therefore, must be sufficiently 
high to prevent reeombtnatton so that as many ions reach the plates per second 
as are manufactured by the ionizing beam 

• Actually due to defective msnlat on and to a very tlisbt amount of lomzat on 
present at ah t mes m the A>r the leaf falls very dowly, so slowly that often it can be 
neglected In making exact observations it is an easy matter to correct for this natural 
leak as it is called 
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In any of the arrangements we shall later describe, it is assumed that suf- 
ficient voltage IS used to insure saturation 

151 Ionization Chambers — In the arrangements used practically to 
measure ionization currents, the plates P and Q of Fig 150 and Fig 151 
correspond to what is called an iomzaiton chamber We distinguish two 
mam kinds (1) the standard, and (2) the small thimble chamber. The 
essential features of a standard chamber are shown in Fig 152 In this 
arrangement ions resulting from the passage of the beam of x-rajs are driven 
from the volume HKLM to the collecting electrode E because of the electnc 
field maintained between the plates A and E by the battery B, and the total 
charge coming to the electrode m any given time is measured by the instrument 
attached to E Further details about the use of the standard chamber will 
be given presently At this stage it is suffiaent to state that it is not suitable for 
use by a practicing radiologist, but is used for standardization purposes. 

The essential features of a 
simple arrangement with a thim- 
ble chamber are illustrated in Fig. 

153 C represents the chamber, 
which encloses a volume which 
may be of the order of one or 
two cubic centimeters Its walls 
are of some light material — 
even paper will do — whose in- 
ner surface is made conducting Fio 153 Arrangement for using a small lomza 
by « thin coating oi graphite and 

IS grounded E, the insulated electrode to which ions are attracted is joined 
to a measunng instrument, such as an electroscope or other type of electrom- 
eter, h) the insulated conductor K This conductor is shielded from electnc 
disturbances b) surrounding it with an outer earthed tube or shield S To 
prevent ionization m the region between K and the outer tube, this space may 
be filled with an insulating matenal hke rubber, or, by means of a vacuum 
pump, the pressure in this region may be kept so low that ionization by any 
radiation penetrating the shield may be neglected If desired the tube con- 
necting the electrode to the electrometer may be flexible and of any con- 
venient length 

152 The Roentgen — Before discussing further details concerning 
ionization chambers, it is desirable at this sta^e to explain the nature of the 
fundamental unit in terms of which dosage is now measured 

Whatever arrangement used to measure an ionization current, it should 
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be ewdent that its magnitude depends on two factors, (1) the intensity of 
the beam, and (2) the volume of air from which the ions are removed The 
greater the intensitj , the greater the number of ions manufactured m each 
cubic centimeter, and, for a given intensi^, the larger the volume from which 
the ions are collected, the greater the total number taking part in the current 
to the collecting electrode 

With these facts in mind, the student should be able to understand, at least 
m a general v\aj, whj m 1928 the Second International Congress of Radiolog} 
adopted the following de^niuon of a physical unit, called the in 

terms of which dosage can be measured 

The rorntgen ts the quantity of x radiation whuh, when the secondary 
electrons are fully uulrzrd and the Mali effect of the chamber is avoided, 
froduces in 7 e e of ntmosfheru: atr at 0°C and 760 mm fressure, such a 
degree of cotsductsvfty that one electrastalsc amt of charge is measured'at 
saturation current 

In 1937, at the Fifth International Congress, this definition was altered 
to the form given in section 153 Since for x ra>s generated by means of 
voltages as high as about 200,000, the two definitions agree m their practical 
application, wc shall make use of the 1928 definition in our initial discussion 

It will be recalled that the electrostatic unit of charge (e s u ), which we 
have previousl} desiinated the statcoulomb (section 35), is such a quantity 
that when it is placed I centimeter away, in air, from in equal quantity, the 
force of repulsion of one on the other is 1 d)ne In actual calculations, it is 
more convenient to know that the coulomb, the practical unit of quant ty, 
IS related to the statcoulomb b) the equation, 

1 coulomb = 3 X 10* statcoulombs 

Suppose, m an arrangement He Fig 152, a current of 10“® ampere is 
recorded bj the measuring device and that the volume UKLM m which the 
ions are prntiweed is 1 0 c c , 

Since 1 0 ” ampere = 1 0"* coulomb per second, 

= 10"* X 3 X 10® statcoulombs per second, 

= 3 statcoulomls per second, 

we may write The number of statcoulombs produced m 10 c c in I sec = 3 
Hence, the number produced pcrcc wvlsec = 03 According to the 
above definition, the imenstj of the beam producing the ions in the re-jinn 
ffAL if « 0 3^ 1111115 per second This assumes that the air is at 0®C and 
76 cm pressure For other temperatures and pressures the correction rc 
ferred to in sect on 155 must he made 
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It must be clearl) understood that the roentgen is a unit of quantity, and 
that intensity has reference to the absorbed energj in unit time If the aboie 
beam continued in operation for 10 mmutcs, the physical dose delivered in 
the region HKLM would be 0 3 X 10 X 60 or 180r units 

To fulfill the conditions expressed in the above definition of the roentgen 
certain precautions must be taken 

(1) The current must have saturaton value, (2) all the secondary elec- 
trons must be utilized, and (3) the wall effect of the chamber must be 
avoided Let us examine each of these in turn 

(1) The meaning of saturation has already been explained and need not 
be further discussed 


(2) We have also previous)} explained that when a beam traverses a gas 
like air the ionization is due to the action of photoelectnc and recoil electrons 
Now these liberated electrons may travel outside the track of the primary 
beam as shown by the cloud track 
photograph in Fig 138 For long 
wave lengths the “ outside ” effect 
IS slight, but if the wave length of 
the primary beam is made shorter 
and shorter the excursion of the 
electrons out of the track becomes 
longer and longer This means 
that tomzatton often takes place well 
outside the actual region traversed 
by the primary beam This long 
excurson of the electrons is nicely 
shown in Fig 154, a reproduction 



Fig 154 
through 


Passage of 550 000 volt x rays 
a cloud chamber Note the long 
l of the electrons 


of a photograph taken, with tube 
voltage 550 Kv , by Dr Walter 
Jordan at the California Institute 


of Technology and reproduced 
through the kindness of Dr Charles C Launtsen The tube voltage used 
w en ig 138 was taken is not available, but it is very much less than 550 
1 ; ^ utUtzed — « the secondary electrons full) 

uti ize the separation of the electrodes must be sufficient to insure that 
none of these electrons stnke contmnmg waUs before they have used up their 
m imaag The actual separaooit depends on the kind of rats used, 
For x-ra) s generated by voltages 
up to 180,000 or 200,000 volts, a spaaitgof 12 -m ,s sufficient, but for x rays 
generated b, a million volt, the ranee of secondary electrons.. So much greater 
.hat the overall J.mens ons of the standard chamber must be greatly increased 
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In fhic connection the student may well ask “ If ions are formed outside the 
region HKL M (Tig 152), is it correct to use only the volume of HKLM 
jn making calculations^ In considering the answer to that question the 
student must distinguish carefully between (a) the conversion frocess, 
wherebj part of the energy of an x-ray beam is truly absorbed, being converted 
into the kinetic cnerg} of photoelectrons and/or recoil electrons, and (b) the 
subsequent process m which these secondary electrons gradually lose their 
energy by creating ions along their paths Obviously, m a standard chamber, 
the conversion process takes place m the region HKLM, although for x-rays 
of very short wave length many of the ions formed by the ejected electrons 
are outside this region (See Fig 154) Although the 1928 definition 
of the roentgen does not state the fact cxplcitly, the cubic centimeter in 
that definition does refer to the region HKLM where the electrons arc 
liberated by the primary beam, that is, where the energy conversion process 
takes place In this respect the 1937 definition discussed in the next section 
IS more exact 

(3) If x*rajs are allowed to strike the walls of the chamber, secondary 
x-rajs and electrons may be emitted, and these may add to the ionization of 
the air between the electrodes In an actual standard chamber, therefore, the 
primary beam is carefully isolated by protecting diaphragms, with the electrodes 
well separated as noted above As a still further precauton, the walls of the 
chamber are made of materials of low atomic weight so that if any stray radia- 
tion did strike them, the emitted fluorescent rays would be so soft (see section 
120) that they would be absorbed before hating produced any appreciable 
ioni 2 ation 

153 1937 Definition of the Roentgen — At the Fifth International 
Congress of Radiology held at Chicago m 1937, a somewhat different defini- 
tion of the roentgen was provisionally adopted m order to make this unit 
available for gamma rays of radium and for the ultrahigh voltage x-rays now 
in use (See Chapter XV ) The new definition reads as follows 

The roentgen shall be the quanttty of x or gomma-radiation such that the 
associate i corpuscular emission per 0001293 gram of oir produces, m atr, 
tans earr) miles u of qstanisSj of electrscity of either sign 

In many respects the two definitions are identical, and no cliange need be 
made in the work of the preceding pages Note, however, the following 

(1) 0 001293 grams K the mass of I cc of air at O^C and 760 mm 
pressure 

(2) Saturation conditions are not mentioned because the definition refers 
to the number of ions produced per cubic centimeter bj the radntwn md 
natunliy includes nil of them fn mifon-r roeawrements, howeier, it is just 
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as necessary as ever to use sufRcjent voltage to insure that the ions do not 
recombine 

(3) The ions to be considered are those produced bj the corpuscular emis 
Sion per 0 00 1 293 grams that is by the secondary electrons (photoelectnc and 
recoil) set in motion by the primary beam This corresponds to the clause in 
the 1928 definition requiring the utilization of all the secondary electrons, but, 
as already noted sfeafies without any ambiguity that the volume to be used 
in calculating the number of r units is the volume of the region in which the 
primary beam produces its “ associated corpuscular emission ” 

154 Determination of Effective Volume — In considering the 
exact value of the volume HKLM to be used in calculating the number of r 
units two factors are of importance The first has to do with the nature 



Fia 155 5y the use of guard plates G and C a un form electric field can be ma ntamed 
between A and £ as in ^ In 4 the field is far from un form 

of the electric field between the charged plate A, Fig 152 and the collecting 
electrode E Since charged particles move along electric lines of force, the 
ions m an arrangement 1 ke that shown in Fig 155rt, move to E out of the 
region MNCD The volume of this region varies with the relative size of 
the plates and is not easy to measure For accurate calculation, the lines of 
force should run as nearly perpendicular as possible over the whole face of the 
electrode E somewhat as shown in Fig 155i Ths is accomplished by 
surrounding this electrode with the grounded guard plates G and G If 
initially E is also grounded as is usually done m standard measurements (see 
section 155) and i{ the gap between E and the plates GG is narrow, then 
the ions are drawn to E from the volume HKLM whose length is equal to 
the distance from the center of the narrow opening on one side of the electrode 
to the center of the other openng 

The second factor relates to the cross sectional area of the beam of primary 
rays This is controlled by the use of daphragms which narrow down the 
primary beam and enable m exact calculation of the cross sectional area to be 
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miJc U ,tandarJ ch™bnn ire med onlj m stiniUrd.zit.nn lahoratoms 
turtlicr ilcnils are omitted >n thrt bcmk 

cximming Fig 156 the student should sec readily ?cienl things (1) 
ions u tlJ go to the electrode CD from the whole regton A BCD , (2) electrons 
\s hich ongiintc m the region IIKLM, but most of whose ionizing paths (such 
as 1 and 2) are outside the \nlume ABCD, will create rmny ions which do not 
go to the enUtetmg cltctTodc, md (3) other electrons (such as 3 and 4), 
which did not originate m the region IIKLM, will create ions within the 



Fto X5f Lues I and 2 represent irack*©fer«tronsprody«diii theregion ffAiA/jiinetS 
and 4 , track* ©f electrons produced outside this region 

tolume ABCD which do go to the electrode There is therefore a loss of 
ionization from electrons which hate moted out of ABCD and a gam from 
other electrons which hate moved into this region In standard ioniza- 
tion chambers desisined for highl) penetrating rajs which give nse to 
secondarj electrons with long paths, the loss can be made equal to the gam 
hj making sure that the dimensions of the chamber are sufficiently large that 
electrons mote into the volume ABCD from distances equal to the maximum 
forward range of those which move out 

Z55. Null Method of Measunng lonizatton Current. — It has been 
stated in the preceding section that a suitable eJecfnc held is obtained in a 
standard chamber when both the guard plates CC, Fig 155 A, and the electrode 
E, are at ground potential In actual use £ is mitiallj grounded, but this 
connection to earth must be broken before any measurement can be made of 
the chsrge earned toEby the ions, in any time interval If this charge were 
measured by direct connection to an electrometer, the potential would steadilj 
change as time went on, and m consequence the electric field would also change 
sufficient!) to introduce an appreciable error in the calculated volume To 
overcome such an error, in laboratories such as the Bureau of Standards m 
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Washington, amt the \iii>nil I*h>Mc-»I f i!»intor>, I ciMin^toii, n mill 
inethoil IS iiseil 1 i„nrc 1 illiwntrt in 'iinjilc form llie nrnnp.cnicnt iiwil 
in one Slid) mithod / , it will I c ven, n cojiijccieil Ixitli to the mciMifin,. 
electrometer ami to one m Ic «>1 i MimlirJ omlcnscr C uhnsc capicit) is 
accuntcl} know n 1 he i ther Mile of the comlcnvrr is conncctcil to n viurcc 
of potential whose mifjnitinlc ini) be \incd, the polantj !*cinp vi chosen that 
the chifj.c rm the »itlc of the cnnilcn* 
Jer co/inecteiJ with / is fppos-ir in 
^ 1 -J- Sign to the clnrt.c mi the ions coming 

up to f When ^ measurement is 

E bcinj. ttiade, initnil) the kc) A' is 

^ I ^ I closed, thus (.rounding / andlhe5)s- 

1 I I / tern to which It IS atficheJ W'lth the 

3. x-n\ J>eam in operation. A' » then 
L — 10 m«it 9 »mi ' ‘ pened, and a stream of imis liegins to 

Fio .57 11) ..rims ,h, ,K. I>"" ^ ■" f » 

condenser t the ion e charge com Bg to f char,.e, the potential applied to the 
<■■'"''"''7 ,5 ..77,1,1, il.rrcl m 5,.cl, 7 

waj that an equal cliar(.e of oppnitc 
sign IS induced on the <idc of the condenser connected w iih F 'I he remUont 
charge on the sjstcm joined to the electrometer w therefore kept at rero, and 
the indicator of the electrometer remains unchanged in position 

To determine the total char(.e Q cominj to the electrode in an oh«<r\ed 
time /, all that is necessarj is to calculate the masnitiide of the charge gisen 
to the condenser A numerical example will illustrate the method 

The intensity of a Irnrn of r rii\$ ot a trrtam finer tmr inrmured hy a 
standard lounation charn/rr arranged to that the rfjreti r xolumr vi xihieh 
tons were produced was 2 51 e c When the colleeting electrode unr attached 
to a condenser of capacity 127 X IO~* rnicrofaral, tl was founl t! at the 
electrometer remained undeflected if at the end of I Tnintife the potential 
applied to the condenser xtas changed ly 9 2 tolls Caleulatr the intensity 
in r units fer minute (The solunae refers to air at 0®C and 760 mm 


y — compens,ating quantit} on condenser 
= capacit) X potential 

— 127 X 10 * X 10”* X 92 coulombs* 

— 127 X I0‘*X92X3X 10* statcoulombs 
= 3 505 statcoulombs 

• 1 m crofarad = to ® farad An alternate method of calculat nj: the number of 
coulombs s to use the relations 300 volu = 1 statsoh and I m crofarad = 900 000 
statfarads 
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Therefore, the number of statcoulombs coJJectcd 1 minute, if the vokme 
^^e^e 1 c c. 

= ^=14 

251 • 

or, the intensit) of the beam 

= 1 4r units per minute 

156 Correction for Temperature and Pressure — When measure. 

ments arc mide with a ^tmdard chimher, the ur is not in general either at 
0°c or 760 mm pressure A correction must therefore be made for these 
(actors Since the absorption of x rafs rs directly proportional to mass, all 
that IS neceisarj is to reduce the observed volume at t"C and P mm pressure 
to Its value under standard conditions By application of the elementary gas 
law s, we can write at once 

Pcc at PC and /’mm pressure 
273 P 

= f"' X ^ "im 

In anj problems given m this text, we shall assume that this volume correction 
has been made 


157. Thimble Chambers —Because of its fundamental importance, 
detailed attention has been given to the explanation of the means of measuring 
in r units per second themtensit) of a beam of x raj s h) the standard chamber 
In actual practice, the radiologist or his techmciarj makes use of the thimble 
t)pe of chamber rather than a standard because by such means in a very short 
time he can evaluate the dose m r units or the intensity in r units per second 
It should never be forgotten, however, that previously someone had to cali- 
brate his thimble chamber with the aid of a standard 

We must now amplify the information about small ionization chambers 
•nven in section 151 To begin with, it is -well to note that except in rare 
cases the ionization produced per cube centimeter m a small chamber is not 
the same as that produced per cub c centimeter bj the same beam at the same 
place, m free air There arc se»eral reasons for this (1) Becauscofabsorp- 
t on of the pnmarj beam fay the walls of the chamber, the ionization ts reduced 
This effect can be lessened by usng chamber Walls of extreme thinness 
hut (2) whatever the thickness, secondary electrons emited bj the wall ma 
teml increase the ionization (3) The corpuscular electrons produced 
within a small volume strike the walls before thej liave exhausted their ab 1 1) 


to ionize 
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gcncratciJ by siy lOfl to 200 fe«Io\oIts, the wall thickness suitible for an 
s;r-na!I chimbcr is a fncrwn of a nulhmeter “For million \oIt x rays, 
2 inni walls arc nccessiry , for the gamma mjs from naturally rad oactive 
innernK the required thickness is ihout 4 mm ” {Quimby ) 

For very soft x-riys in the low voltage group, the absorption by even 
thin-walled chambers becomes sufficiently great to throw out the balance, 
and hence such a chamber suitably cilihntcd for 100 to 200 kilovolt rays 
cannot be used 'without correction Around 45 kilovolts, the matter is further 
comphcitcd with chambers whose waits arc carbon coated because of the 
pliotoelcctrons emitted by this element with such rays 


158. Victorecn Condenser-Meter. — This type of instrument, a 
photograph of which is reproduced m Fig 158, consists of two mam parts 
(1) a narrow cylindrical piece, E to Fig 159, which at one end has an 



Cvvrun iHttrvnmt C^mpunv 


Ho 158 Photograph of the \ictween Condenser r Meter 


lon.xaoon ctamter C, (2) a b<» loosing o fibr. .lec.rom.ttr (eketro- 
scope), n de..c. (or g.vins » oleclnc ctargo to tie electrometer, and a lamp 
L to dluramale the fibre On top of the bo* a W power m.croscope / to / 
enables an observer to view the .mage of the fibre apamst a stale The 
central electrode of the lomaation chamber passts thmogh solid mso at ng 
matenal such as amber, and on emergence at the end E of the cjlmder 
next the bo* makes elenr.c contact wth the fibre of the electrometer It wdl 
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be noted that the mam body of the cylinder is essentially a condenser, consisting 
of the central conductor, the dielectric surrounding it, and the outer eirthed 
wall 

In use, the insulated s>stem, fibre plus connecting conductor and central 
electrode, is given such a charge that the image of the fibre, which is deflected 
an amount proportional to the potential to which it is charged, comes to rest 
on the zero of the scale The c>lmdncal tube, which is attached to the box by 
a kind of bayonet socket, is then detached, and the cap B protecting the 



ionization chamber is removed and placed over the opposite end E of the tube 
thus protecting the exposed end of the central conductor The tube is then 
held with the ionization chamber in the path of the x ray beam at the place 
where the mtensit) is to be measured, for a measured time interval, which 
IS frequently 1 minute Because of the resulting ionization in the chamber 
a fart of the charge on the collecting electrode and attached condenser unit is 
neutralized At the end of the mmute the cylinder is taken out of the x ra) 
beam, the protecting cip replaced over the chamber, and the tube inserted into 
the box so that electrical connection is once more made with the electrometer 
Because of the loss of charge, the potential of the electrometer drops a certain 
amount and the fibre, or its image, moves from the original zero to another 
part of the scale Because of previous calibration the numbers on the scale 
read roentgens directly Thus, if 15 were now read on the scale, the intensity 
of the beam at the spot where the chamber had been placed, would be 1 5r units 
per minute 



AIR DOSE, 1 ISSUE DOSF, AND BACk SCATTER 20S 

By using iliffcmu of tubes and chambers condenser meters of vanous 
ranges nre atailabic for example, the Victorcen Instrument Company 
adtcrtisc meters reading up to 25r, lOOr, and 2S0r units per minute, as well 
as a very sensitive one for mcasunng <.tra> ndiaton reading only to 0 25r 
per niinute This firm states that with a sngle chamber, *" measurement is 
possible for any wave length radiation from that produced by a standard x-ray 
tube at 60 Kv P up to and including gamma rays of radium, with a wave 
length error not evcecdin? 6 per cent at both extremes A calibration curve 
can be supplied givang the necessary correction if any, within 2 per cent ” 

Other chambers involving more or less the same fundamental principles, 
arc available, which record the tot/il d<sc n r unit» during the progress of a 
treatment In the V'lctorecn Integron, for example, the progress of a dose 
up to 300r units may be watched by means of a pointer moving over an ordi- 
nary scale In the Hammer Dosimeter, the eicctncal arrangement is such 
that every time a collecting electrode has acquired a charge equivalent to a 
dose of 5r units, a clock mechanism moves the hand of a dial one division, 
while at the same time the electrode is discharged and made ready to collect 
another charge 

159 Air Dose, Tissue Dose, and Back Scatter — In the preceding 
sections we have shown how the intensity of a beam may be measured at a 
specified place i« air by an lonizaoon chamber In riierapy, the radroAjgrsf 
IS interested pnmarily in the dose delivered to tniur, and that question we must 
now examine Since it is reasonable to assume that the action of x-rajs »n 
therapy is due to the resulting ionization in tissue, and since to a first approx: 
mation ionization in tissue is the same as m an equal mass of air, Bssue dosage 
IS measured m terms of the ionization caused m a small caviiy of air situated, 
if possible, in the midst of the regwn under treatment In superficial treat 
menf, a small lonrzafnin ».htfnberca/r fee placed on the skui of ihepatnnt, and 
the skin dose measured directly In deep therapy, it is as a rule impossible 
to imbed the chamber in the tissue and the depth dose has to be found by expen 
ments with a fhantom, that is, a medium which is the equivalent of tissue m 
its absorption and scattering 

The magnitude of the skwi dose k not the same as that measured at the 
same spot with the patient removed At this stage the student will not be 
surprised at that statemtTil, bvt u tsso important that a reference to a simple 
experiment is not amiss Suppose that at a cerum place in air an operator 
has found that the intensity of an x ray beam is 2r un ts per minute, and that 
he repeats his measurement with his ionization chamber resting on the skin 
of a patient, but without any other change He finds that the second measure- 
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ment indicates a greater mtensit) than 2r per minute The reason for the 
increase has already been given .n Chapter XII The pritnar) beam pves 
rise to scattered rays m the tissue of the patient, and many of these — the 
seatur — are scattered hack into the ionization chamber, thus increasing the 
ionization The correct skm dose must include hack scatter 

Many measurements of skm dose have been made by the method given m 
the preceding paragraph, that is, with the ionization chamber on the skin of 
the patient, but the results have shown that different types of chambers do 



not always agree Recently a very careful study of back scatter has been 
made by the radiological department of the Memorial Hospital, New York, 
under the direction of Mrs Edith Quimb) It is worth while noting one 
or two features of a special ionization chamber utilized by Dr Quimby in 
this study The chamber, designed by Dr Failla, of the Memorial Hospital, 
IS a standard instrument, that is one by means of which the dose in roentgens 
can be calculated from measurements of the ionization current and of the 
volume in which ions arc produced The essential features are shown in 
Fig 160 which has been adapted frompublished illustrations by Dr Failla and 
Dr Quimby Note the following 

(1) The x-ray beam passes vertically, not horizontally (as in the 
standard chamber of Fig 1 52), through an upper electrode EE 

(2) This electrode, which is maintamed at a potential of say 200 volts, 
consists of organic material like very fine net silk, or parchment, or pressdwood, 
made conducting by India ink or Aquadag 
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(3) The lower electrode AB, to which ions go from the volume ABCD, 
nd the surrounding guard ring RR, are parts of the same piece of matenaj’ 
ke Lucite, whose upper surface has been made con&ucang by India ink, 
xcept for a narrow insulating ring around AB The lower side of this 
hole piece, electrode and outer ring, is in contact with scattering matenal 
ich as pressdwood or a mixture of nee and flour which acts as a phantom 
ir human tissue 

(4) By means of micrometer screws, not shown in the figure, the upper 
ectrode can be raised or lowered, so that readings may be taken for different 
ucknesses of the thin layer of air separating the upper and lower electrodes 

Because of this feature, the instrument was originally called an Extrafola- 
on Chamber The idea was to measure the ionization per cubic centimeter 
ir thinner and thinner air layers, as well as for upper electrodes of different 


Table XXVI — skin dose coMiesroNDiNo to 100 boehtcens ik aie 


Quality 

H V L in Copper 

Area of Field in So Cm 

5 25 100 400 

0 035 mm 

03 

10 

20 

110 117 124 128 

114 124 134 147 

114 124 136 149 

109 117 126 >36 


ucknesses, and iinall) to extrapolate to find the lonizanon per cc for a 
gligibly tbm layer in contact with the phantom, that is tn evaluate a true 
easure of the skin dose Actuall) it was found that for x-rajs generated 
/ 100 to 200 kilovolts, there was no change m the ionization per c c for air 
) ers ranging from 0 5 to 3 mm and no difference between upper electrodes 
ade of extremely thin silk and of parchment 

With such a chamber, the most careful measurements of surface dose 
ere made and tables drawn up giving the correct skin dose corresponding 
a specified number of roentgens m air, for a wide variety of conditions 
few actual numerical values, taken from the published work of Dr. 
uimby, are given m Table XXVI 

The numbers in the table show that the skin dose equivalent to WOr units 
air vanes with (I) the quality of the pnmary beam, and (2) the area of 
e field For example, if we use always the same area, saj 25 sq cm , the 
in dose is 117 units for the softest rays, 124 for the next nvo more pene- 
atmg rajs, but falls asam to 117 for tbo most pent, mime bam Th„ 
inattott IS dus to chaneo m scactrnog tmh chaostos qualt) 

On thr othtr band, .f me il»a)s of thi: samr tjuabt), tbost «ith 
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an H V L equal to 1.0 mm. of copper, for example, we see that the equiva- 
lent skin dose steadily increases with increasmg area, changing from 114 units 
for the smallest area to 149 for the largest. The increase with increasing 
field IS due to the increased importance of scattered radiation. The larger 
the area, the greater the volume from which rays are scattered back to the 
chamber or to the area of skin under treatment In Fig. 145, if the dia- 
phragm limiting the width of the beam to CD is widened increasing its width 
to MN, scattered rays come to a small chamber placed over CD from a much 
greater volume than with the smaller opening, and hence a greater ionization 
IS recorded 

For the same reason, if a thin portion of the body, such as a hand, is treated 
superficially, the back scatter is less for the same field, than for an area backed 
by a thicker portion of the body. In Table XXVI the numbers are based 
on the assumption that there is enough underljing material to give maximum 
back scatter. 

160. Depth Dosage. — In thcrap), the problem is generally that of 
treating diseased tissue below the skin. There are then two important prob- 
lems (1) how to effect a cure without injuring the skin and the healthy 
intervening tissue, and (2) how to measure correctly the depth dose delivered 
to the diseased tissue. We shall consider the second problem first. 


Table XXVII — kombeas or KoeNToeNs Dtin'eaEP at vaaious depths, for 100 
XOEHTOEHS IN AIR (QUALITY OF RAYS GIVEN BY H V L 1 0 MM IN COPPER 



S sq cm 1 

2S m 1 

lOOsq cm 

400 sq cm 

Depth 

50 cm 

70 cm 

50 cm 

70 cm 

50 cm 


50 cm 

70 cm 

0 

114 

114 

124 

124 

136 

136 

149 

149 

1 


96 

115 

116 

133 


ISO 

152 


43 

46 

61 

6S 

82 

87 

108 

114 



19 

26 

29 

4( 

45 1 

61 

67 


6 

7 

" 

13 

22 

25 

33 

38 


As already briefly mentioned, depth dose is measured indirectly by using 
fhantoms, that is, materials equivalent to tissue m their absorption and scatter- 
ing of x-rays. Water, rice, a mixture of nee and flour, ground meat, Colum- 
bia wax, and pressdwood are all examples of fairly good phantoms. In 
taking the readings given in Table XXVI, the special ionization chamber used 
by Mrs Quimby was backed by a mixture of nee and flour. Similarly in 
evaluating the depth doses given in Table XXVII, results also due to Mrs 
Quimby, the chamber was embedded m a phantom of this kind In this 
connection we quote Mrs Quimby, “ It is important that measurements used 
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for determining tissue doses shtll hue teen made m phantoms comparable 
in size with the part of the bod) undergorng treatment The ose of data 
obtained with large phantoms to speaf) doses m smaller portions of the body, 
such as the limbs or neck, ma> introduce errors because of the difference m 
the actual amounts of scattering matcmls m the two cases ” 

The measurements recorded m the above table were taken using 200 Kv , 
constant potential rajs, with a H VL equal to 1 mm copper, after being 
filtered with 0 5 mm of copper The 50 cm and 70 cm at the top of 
alternate columns give the distance from the target to the skin (or surface 
of phantom). It will be noticed that at the same distance below the surface 
the values of the depth do<ics are different for different target distances At 
10 cm depths, for example, with the 2> sq cm field, the doses are 26 and 
29 units In all cases, a somewhat greater depth dov is del vered at the 
same depth in the case of the longer target distance Since the greater the 
percentage of the surface dose delivered at the diseased tissue, the less the 
absorption bj the intervening tissue, it is obvious!) an advantage to have as 
high a percentage depth dose as possible Now calculations based on the 
inverse squire law, as vvell as the numbers in the above table, show that the 
greater the target skin distance, the higher the percentage of the depth dose 
at an) given distance below the surface 

It IS now eas) to see hou the inverse square operates. Suppose that F, 
Fig I60A, IS a source of radiant energy of any kind and that we compare the 
values of the mtensit) of the radiation at places A, B C, D, which are SO, 



60, 70 and SO cm , respective!), from the source If the intensitj at A >s 
100 units, the intensity at B, provided there is no absorption between A and B, 
IS 100 X 50V60*, or 69 6 units, at C the mtensity is 100 X 50V70®, or 
51 1 units, and at D, 100 X 50/80*, or 39 1 units 

Hence if we increase the distance from the source by 1 0 cm , the intensity 
falls to 69 6 per cent when we go from SO cm to 60 cm , but to 39 1/51 1 
or 77 per cent when we go from 70 cm to 80 cm 

As far as the inverse square law is concerned, it is, therefore, a distinct 
advantage to use large target skm distances On the other hand, the greater 
this distance, the smaller is the intensity of the x raj beam, and hence the 
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longer the time it takes to build up the required number of roentgens, that is, 
the longer the time of treatment in deep therapy In choosing the most 
favorable target distance, a compromise must be made between the gam arising 
from the increase in percentage depth dose, and the loss due to increased time 
of treatment In this connection we again quote Mrs Quimb), “ From a 
practical point of view, this increase m time is an important economic factor 
From a biological aspect, it introduces complications because of differences 



in tissue recuperation ” And, again, “ it is not advantageous to use distances 
greater than ten or twelve times the known depth ” 

A second and more important method of reducing the absorption by the 
skin and intervening tissue in deep therapy consists m using cross~fire treatment 
The principle of this method is simple and will be clear after a glance at 
Fig 161, where P represents a diseased region within the body treated through 
three ‘^orts of entry, at A, B, and C If the desired dose is delivered in three 
parts, one through each port, the absorption by healthy tissue is reduced about 
one third 

161 Tolerance Dose — The necessity of adequate protection from 
undue exposure to x rays has already been emphasized In this connection, 
there is naturally a certain daily dose which represents the maximum permissible 
amount to which any x-ray worker should be exposed At present this 
tolerance dose, as it is called, is generally taken as 0 1 roentgen per day 
Unless rigid precautions are taken this small amount of radiation can easily 
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be CNcecded in these da)s n( supcrvaltages and bcims of x ra)s of high intensity 
A further reference to this question will be found in section 164 below 

162. Isodose Curves and Charts —The numbers m Table XXVn 
give dosage values at distances below the surface for various depth alon^ the 
axts of the pnmarj beam, but, for an> given depth do not appl) to points away 
from the axis Depth dosages at such points, that is, at any place throughout 
the irndiatcd region in a phantom can be measured readly by means of the 
ionization chamber From such measurements charts like those shown in 



Fig 162 can he constructed In these charts a single curved line joins all 
points for which the dose is the same, hence the name tsodose curve The 
curves m this figure, reproduced through the courtes} of Dr Edith Quimb}, 
appl) to the following set of conditions x-rajs generated by 180 kilovolts, 
filter = 05 mm of copper, target distance = SO cm , diameter of field at 
surface = 100 sq cm A separate chart must be made of course, for each 
set of conditions 

Given the appropnate conditions, if one knows the surface dose at the center 
of the field, one can read off or quickl} evaluate the correct corresponding dose 
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at any point within the charted area It will be retlized that, although the 
chart depicts only a single plmc, it applies to the whole volume obtained by 
rotating it about the central axis 

163 Threshold Erythema Dose. — In deciding to what extent it is 
safe to irradiate the skin, a knowledge of the biological action of the skin to 
x-rays is necessary In this connection much use is made of the threshold 
erythema dose (TED), or the quantity of x-radiation which produces a 
mild skin erythema This biological unit has played an important part in 
the development of x-ray dosimetry, because, whatever the physical method 
used to measure a quantity of x radiation, it has always been necessary to 
know something of a corresponding biological action Thus, in the pastille 
method of dosage, Tint B corresponded to a unit skin dose, m the method 
of estimating quantity by the blackening of a strip of photographic paper, 1 Ox 
arbitrary units corresponded to this unit, and so on for the other early methods 
Now that dosimetry has advanced to the stage where the roentgen is the 
universal unit, all that is necessary is a knowledge of the T E D m roentgens 
Since a much greater fraction of the radiation delivered at the skin is absorbed 
by the layer of tissue just below the surface when the x-ray beam is soft than 
when It IS hard, the value of the T E D depends on the wave length As its 
value also depends on the area mdiated (that is, on the amount of back scatter) 
and to some extent on the individual patient it cannot be given with the accu- 
racy of a physical constant Some idea of its magnitude, however, is given 
by the following Using 200 Kv rays, at constant potential, with H V L 
equal to 1 mm of copper, with a field of 1 00 sq cm , and with radiation 
given at a fairly high intensity m one setting, Mrs Quimby gives the value 
of the TED as 500r units in air, or 680r units on the skin Dr J C 
Hudson, of the Collis P Huntington Memorial Hospital, Boston, after an 
examination of a number of radiology centers in the New England States, 
reports the numbers given m Table XXVIII, as the value of the T E D for 
four different qualities of rays, and with an area of 100 sq cm 

• Mrs Qu mby gives the follow ng definition Wc define our threshold erythema 
dose as that amount of radiation wh ch, delivered at a s ngle sitting, will produce in 80 
per cent of all cases a fa nt but defin te reaction and in the other 20 per cent no visible 
change We used to say within two or three weeks but we find that the proper time 
interval depends on the quality of the radiauon Three or four weeks is right for 
200 kv , for lower soltages a shorter t me is sufficient, but for gamma rays it may 
be six weeks The reaction may never be red, but appear as a fanning The term 
erythema reaction is not a good one, I prefer to call it threshold reaction, without includ 
mg the term erythema If you ins st that redness shall appear first the question becomes 
very complicated 
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Table XX\ HI — average valles in xoentcens oh the skin or the THRe«.oin 
erythema cose tor tour QLALmES or X RAYS 


IVasc Length 

TED 

Absorption by the First MiUi 
meter of Superficial Tissue 

0 17 angstrom 

96S 

18 


600 


0 27 

640 


0 42 

425 

16 


The results of the last column were calculated using absorption coefficients 
0'" water, and show , to quote Dr Hudson, “ that the difference m dose 


necessary for an erjthema at the various wave lengths is due chiefly to 
the difference m absorption b) the tissue,” and that “ the total energy absorbed 
w the superficial lasers of skin K practically constant ” 


164. Relation of the Roentgen to Energy Measurements.*" — 
Suppose a beam of x-raj s strikes the area JB, Fig 1 63, on the skin of a patient, 
and that treatment is to be given a small 
tumor at at a known distance below the 
surface. As we have seen above, with the aid 
of depth dosage tables and isodose charts, the 
radiologist can find without difficulty the dose 
m roentgens at P corresponding to each lOOr 
delivered m air at the surface But the bio- 
logical effect on the patient depends on 
the actual amount of energy absorbed, not | 

only b) the tumor, but also by the whole 
irradiated region around It, Radiologists are xraysusedte 
>er) familiar with radiation sickness and will 

realize rcadtl) that the dosage question is not completely solved until it is pos- 
sible to obtain an accurate knowledge of the energy absorbed 6j all parts 
receiving radiation 

This IS not an easy qiiestJcw to sedve, but physiasts like Failla and Majneord 
ind their co-workers have devoted a great deal of effort to its solution and 
much progress has been irndc A detailed discusaon of this problem is 
beyond the scope of this book, but the following brief outline will indicate 
the fundamental importance of the work and the way in which Mayneord and 
his associates, for example, are reJaeng the roentgen to true energ) ahsorptmn 
be omiiieU in a first coorst 


‘This section may 
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(a) The Gram-Roentsen From the standpoint of energy the roentgen 
IS equivalent to the amount necessary to produce in 1 cubic centimeter of air 
(at 760 mm pressure and 0°C ), or in 0 001293 gm of air, ions of either 
sign Avhose total charge is equal to 1 statcoulomb 

Since the charge on i single ion — 4 8 X 10 ** statcoulomb, the number 
of ions carrying a total charge of 1 statcoulomb = 1/(4 8 X 10 or 
10^V4 8, or approximately 2 X 10" Hence, we might define a roentgen 
as that quantity of radiation which produces m 0 001293 gm of air, 2X10 
ion pairs (For every positive ion there is of course a particle with an 
equal negative charge ) 

Now careful investigations have shown that the energy necessary to 

33 X 4 8 X 10”*® 

produce 1 pair of ions in air is 33 electron-volts, or erg 

Therefore, the energy necessary to produce I0*V4 8 ion pairs 


33 X 4 8 X 10-' 


. IftlO 

.- = Onerg 


It follows that 1 roentgen corresponds to an energy absorption of 0 1 1 
erg per 0 001293 gm of air, which is the same as 

011 X 000*1293 ’ or about 85 ergs per gm 


Majneord suggests that this unit, the energy absorftton fer roentgen fer 
gram of air be called by the logical name 1 graniToentgen 
1 gram-roentgen = 85 ergs 

If the reader will recall that 1 calone = 4 2 X 10' ergs, he will realize 
that the gram roentgen »s an extremely small unit of energy A suitable 
larger unit is the megagram-roentgen, or a million gram-roentgens, which 
simple calculation shows to be equal approximately to 2 calories 

Since as far as energy absorption or converson is concerned, soft tissues are 
approximately the same as air, the gram-roentgen in air may conveniently 
be used as a unit for tissue absorption 

(b) Diitribuiion of Energy Absorbed Throughout a Radiated Volume 
Consider a small mass of m grams at a region M, Fig 164, which lies 
anywhere in a beam of x-rays traversing soft tissue, or a phantom like 
water Then, if the depth dose at is 2? roentgens, the energy absorbed 
by the mass m = D X w gram roentgens = 85Dm ergs This assumes 

•Recall that the charge on an electron or a s ngrlj charge! on is 4 8 X 10”*® 
statcoulomb and that JOO volt* = 1 statvolt 
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per cent curves This is because at the lower dos^ge values the volume 
between two isodose curves which differ bj 10 units is much greater than 
between two similar curves at the higher values Note again Fig. 164. 

Bj taking the volumes between all the isodose curves from the surface 
down to the 10 per cent level (onl} some of which are given in Table 
XXIX), the total integral dose down to this level is found at once by adding 
up all the numbers which would appear in the last column had every 
successive pair of isodose curves been used In the particular set of conditions 
to which Table XXIX applies, the grand total is 96,560 gram-rotntgens 

Ma)neord and his associates have obtained similar data for x-rays of 
different kinds A few of their results are given in Table XXX, where, 
for purposes of comparison, a set of readings relating to gamma rays from 
radium is included Note the tremendous range in the magnitude of energy 
absorption, down to the 10 pier cent curve, with different conditions, but 
always for the same skin dose of 100 roentgens (with back scatter) 


Table XXX. — civmo the enercv absorbed per lOOr at the surface 
BETWEEH THE SURFACE AHO THE 10 FER CENT LEVEL 


Kilovolts 

Filter 

Wave 

Length 

Focal Distance | 

Diameter 
of Field 

Gram roentgens 
to 10% Level 

60 

Tube on!) 

' 033 



4,200 


1 mm Cu 

012 

SOOcm 1 


96,560 

Gamma 

4 mm Cu 

1 0069 

500 cm 1 

10 cm 

110,000 

rajs 

1 mm Pt 

1 

SO cm 

iem 

U 593 


(c) Total Integral Dose fer Year fer Man Subjected to the Tolerance 
Dose. Another interesting example of the energy viewpoint has to do with 
the total energy absorbed dunng a long time interval, a year, for example, 
by a person subjected to the tolerance dose continuously 
Let the mass of the person — ISO lbs = 68,000 gm 
If we take the tolerance dose = 0 Ir per day, the total energy absorbed 
by such a person m 1 )ear = 0 1 X 365 X 68,000 gram-roentgens 
— 25X 10* gram roentgens approximately 
Now we have seen that the total integral dose fer 100 roentgens on the 
XXx'’ kOovolt rajs and the other conditions applicable to Table 

— 96,560 gram-roentgens 

10' gram roentgens, approximately. 

Since 2 S X 10' IS 25 times greater than 10’, ne see that the total integral 
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dose, or energj absorbed bj a person subjected to the tolerance dose during 
one jear, is equivalent to 25 X 100 roentgens, or 2500 roentgens deluered 
to the skin with 200 kHovolt rajs, a field of 10 cm diameter, etc This 
suggests, on the one hand, that a veij weak roentgen dose delivered for a 
verj long time has not the same effect as a strong dose for a corresponding 
short time, and, on the other, that it is not advisable for a worker to be 
exposed contmuouslj ewn to dosages wotfitn 
the tolerance limit ♦ 

(d) Relation of Energy Flux through 
Unit Area to a Dose sn Roentgens Let 
ABCDj Fig 165, represent a thin section - 
of air whose faces AB and CD are 1 sq 
cm in area, and tvhose tksclcness AC = 

BD =a X ts a small fraetron of a cents- - 
meter Suppose that a beam of x-rajs of 
uniform intensity across AB delivers a dose 
of D roentgens at the center of the thin - 
section 

Then the energy absorbed m the volume 

ABCD 

= D X m gram roentgens 
= 85 X D X m ergs, 


K- X— } 


Fic 16S ^BCD represent* « th n 
secoon of absorbing material trav 
enei by x rtyt 

if m IS the mass of the lohime ABCD 

Now Jet £o = the total energj m ergs tvhich his passed through the area 
AB, that IS, the flux of energy per sq cm , during the time D roentgens «as 
delivered to the secnon Of this total enei^, equal to £„ ergs, only a 
portion IS absorbed bj the mass sn, because a part, which may be large, is 
either transmitted, or trulj scattered Hence we can wnle 
Ef X fraction absorbed = Si X D X m 
Now if IS is the true absorption coefficient and p the densitj of the air, we 
can write (see section 136) 

eneig’j transmitted = 


=4 

provided m is small, as ir >s for a thin section 
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Therefore, energy absorbed = £o ~ 





P 


m. 


where ^ > it will be recalled, is the true mass absorption coefficient 
P 

It follows that 


Ea-m = 85 X X) X m, 

P 

or, Eo = ; — ergs per sq cm 

pIp 

85 

= — 7 - ei^ per sq cm per roentgen 
PIP 

The value of p/p for air vanes tremendousl) with the wave length of 
the x-rays used, depend ng as has been pointed out in section 137, on the 
energy absorbed to produce both photo and recoil electrons, as well as on 
scattering Since we are here concerned with energy conversion, that is, 
true energy absorption, 

q.r. 

p p p 

For wave lengths of 0 I A U or less, <yjp 4- r/p has a mean value of about 
0 028 Hence, /or iuch wave lengths, an energy flux of about 85/0 028 
or 3000 ergs per sq cm must be delivered on a surface to give rise to a 
dose of 1 roentgen For longer wave lengths, the energy flux per roentgen 
15 considerably less, the magnitude falling off rapidly as the wave length 
exceeds 0 1 5 A U For example, according to published work of Mayneord, 
for X = 0 2, the flux per roentgen is 2000 ergs per sq cm , for A = 0 25, 
1175 ergs per sq cm , for \ = 0 3, 820 ergs per sq cm , and for X = 0 35, 
about 600 ergs per sq cm 

From these numbers, one can draw an important conclusion regarding 
desirable protection Suppose a person is subjected to a tolerance dose of 
0 Ir per day because of stray radiation, (a) from a low voltage machine 
emiumg a mean wave length of 03 AU , or (b) from a high voltage 
machine emitting 0 1 A U In case (b) the energy which each day passes 
through each sq cm of the person’s body (where most of it will be absorbed) 
IS about 300 ergs, whereas in case (a) the equivalent amount of energy is 
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only about 82 ergs It follows that for adequite protection the tolerance 
dose should be less for workers exposed to radiations of short wave length 
than for exposure to fairly long wave lengths In days of supervo!ta?es 
and 100 million electron'Volt machines this is a matter of considerable 
importance 

165 Specifications of Treatment Conditions — Much more might 
be said about the important question of dosage, bur it is hoped that enough 
has been given to make clear the important underl)ing ph}sical principles and 
to enable the radiologist to build on the foundations which have been laid 
in this chapter To sum up, we conclude with an extract from the recommen- 
dations of the International Committee for Radiological Units at the 1937 
meeting. 

“ The speafications of treatment conditions shiji include the following 

I QutniMy — The quantify of radiation (expressed m roentgens) esti 
mated to have been received by the lesion 
ir Quality — (a) The spectral energy distribution of \ radiation shall be 
designated b} some suitable index, called qualic; For most medical 
purposes it is sufficient to express the quality of the x-radiation by the 
half value layer in a suitable material Up to 20 kilovolts (peak) cello- 
phane or cellone, 20-120 Joloiolts (peak) aluminum, 120-400 
kilovolts (peak) copper, 400 kilovolts (peak) up tin For a more 
definite specification of the quality of the radiation the complete absorp- 
tion curve in the same material is preferable (A) Matenal and 
thickness of filter, including tube walls (o) Target matenal 
lU Technic — (a) Total qiiantitj of radiation per field (incident and 
emergent) received in an entire course of treatment (A) Quantity of 
radiation per field measured at the surface (£>,) xt each indmdual irra- 
diation (e) The dosxee rite expressed in r/mm during each indi- 
vidual irradiation (</) The total time over which a course of treat- 
ments IS spread (e) The time interval between successive doses 
(/) The target skin distance (g) The number, dimensions, and 
location of the ports of entry ” 

PROBLEMS AND QUESTIONS 

I (a) Make a diagram showing the electftt eonnectiont when a standard ionization 
chamber and a galvanometer are used to comi«re the mtensmcs of x raj beams 

(6) If in a slandar) chamber loMwere taken from a \olume of 10 cc and a current 

of 10~» ampere ssas recorded bj a galsanoracfer, what w the iniensits of tbs l>ram in r 
units per second^ 
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2 Why must a small ionization chamber be calibrated by means of a standard chamber 
if measurement in r units is required^ / \ i, 

1 How does the intensity of a beam of x rays at a gnen place depend on (j) the 
distance from target, (ii) the voltage across the tube, (m) the tube current* 

+ When a small ionization chamber (joined to an electroscope) is placed in a beam 
of X rays at a place 25 cm from the focJ spot, the electroscope falls at the rate of 2 1 
divisions per second What is the rate of fall if the chamber is removed to a distance 
of 60 cm * Am 0 36 div per sec 

5 A steadily increasing voltage is applied to two plates between which a narrow strip 
of air IS kept ionized by a beam of x rays of constant intensity Describe, with simple 
graph and explanation, how the current between the plates alters with the voltage 

6 How would you show experimentally that water is a good phantom for tissue* 

7 A small ionization chamber is used to measure the intensity of an x ray beam at a 
certain focal target distance, (i) in air, (ii) when the chamber rests on a thick block of 
paraffin, (lu) when the chamber is completely surrounded by paraffin Intensities of 28, 
43, and 35 units are obta ned Discuss and expU n these results 

8 Describe an experiment to show that in deep therapy, scattered rays may be the cause 
of a greater intensity at the place treated than the primary beam 

9 The natural leak of an electroscope of capacity 10 statfarads js 0 5 division pet 

minute Find the natural leak, if the insulated plate of a condenser of capacity 200 
statfarads is attached to the insulated system of the electroscope, the outer case of the 
electroscope and the other plate of the condenser being grounded 0 238 div 

per mm 

to In a standard ionization chamber, ions are driven to a collecting electrode front fl 
volume of to ce The capacity of the electrode and attached electrometer system is 800 
statfarads If the intensity of the x ray beam is 0 4/- un ts per second, find the change of 
• potential (in volts) of the electrometer system in 5 minutes (l farad = 9 X 10*^ 
statfarads ) Am 450 volts 

1 1 Make a diagram showing how a small ionization chamber can be used in connection 
with an electroscope Indicate what parts are insulated and what grounded 

12 Define the roentgen and show, with diagram, how by means of a standard loniza 
lion chamber, the intcns ty of a beam in r units per second may be found 

13 Explain what constitutes a good “phantom” for x-rays in therapy, and name one 
suitable substance 

14 In deep therapy why is a filler always used between the patient and the target 
of the tube* 


15 An electroscope is joined to the insulated plate of an x-ray standard parallel plate 
ionization chamber (whose other plate u grounded) and the insulated system, vvhosv 
capacity is I/IOOO microfarad, is charged until its potential is 905 volts (i) What is 
the total charge in coulombs on the insulated system* (ii) A parallel beam of x rays 
passes between the plates of the chamber and ions are driven to the insulated plate from 
a volume of 30 cc If the intensitv of the bcain of x rays is I roentgen per second, find 
how long It will take to discharge the electroscope (and attached plate) 

t microfarad = 900,000 statfarads, 300 volts = I sUtvolt, 
t coulomb “IX 10 * statcoulomb 
Am (i) 9 X 10~* coulombj (ii) 1 minutes 

16 In an ionization chamber, why must the voltage between the two electrodes exceed 
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17 A tumnr in cm (kIo« tti surface is treated under the following condit ons Port 
of entry = 2S cm , Voltage across tube = 290 Iv , Tobecomnt = f ma , Filter = 0 7? 
mm Cu + I mm Al, Target skin disunce = 30 cm Effective wave length = 
0 I S A U , Percentage of surface intena ty = 40 per cent Discuss the importance ot 
each factor 

IS Discuss the m porfance of the si*e of the port of entry m using \ rajs for therapy 

1 9 The insulated clectrtxle of an roaization chamber is joined to an electroscope, (he 

capacity of the sjstem being 10 c g s on ts When an x ray beam of a certain intens ty 
ionizes the air in the chamber, the leaf of the electroscope falls at the rate of 5 divisions 
per second When a condenser is attacled to tie insulated rid of the electroscope, and 
an X raj beam of equal intens ty is Used it takes oue hour f ir (ht leaf to fall 25 divisions 
Find the capacity of the condenser 7190 cgs units 

20 Malce a diagram showing how a thimble ion zat on chamber might be used m 
conjunction with an electroscope for companng x ray intensities Give two reasons whj 
such an arrangement does not necessarily allow jou to evaluate intensities m r units per 
second 

21 Describe bi-iefly, 1 sting successive steps, the use of th<- Victoreen condenser meter 
for measuring an x ray dose in roentgens 

22 What condition must be fulfilled, if an ionization chamber is to Eie described as 
“air wall How « this cond tron obta ned practicall}^ 

2J How would you show experimentally the existence of “back scatter”’ » 

24 The volume in wl ich ions are produced bj an x ray beam in a standard ionization 
chamber le 20 cc If the intensity ol the beam in the chamber is 0 4r per second, find 
how many ions (of either sign) go to (he collecting electrode in I minuftf 

25 Whj IS the skin dose correspond ng to a cerum air dose (i) greater than the air 
dose, (ii) greater for a beam of large aperture than for one of small aperture* 

26 WhyistheTED (expressed in f unm on the skin) greater for wave length 0 2 
angstrom than for 0 2f angstrom^ 

27 In a ttandard ionization chamber, ions are driven to a collecting electrode from a 
volume of 10 cc and the capacity of the electrode and attached electrometer sjstem ii 
10“” farad When a certain x ray beam traverses the chamber, the potential of the 
electrode and attached sjstem changes at the rate of 2 volts per second Fmd the 
intensity of the beam in r units per second 



CHAPTER XIV 

RADIOACTIVITY 

166 The Discovery of Radioactivity. — The muhnc of the bst 
decade of the nineteenth centur) \\asonc nf the moM fruitful penuds in ph)S- 
ical science which has ever existed Withm two or three jcirs, the electron, 
x-rajs, and radioactivity were all discoscrcd 'I hese were by no meins inde- 
pendent discovenes because in science, as m life, one thing often leads to 
another A good example of this is found in the discoscry of radimctiie 
substances The walls of gas x-ray tubes strongly fluoresce and in the early 
days It was not unnatural to associate the origin of these msi^ihlc ms 
the fluorescence With this idea in mind, Ilccquercl, a I rench scientist, tried 
to see if certain compounds of the element uranium would emit x-rays after 
being made to fluoresce by exposure to light He wis rewarded hy finding 
an invisible radiation, but was soon able to show that it Ind nothing to do with 
x-rays The uranium compound m its normal state, that is, without any 
stimulus by light or by any thing else, was found to emit something which pissed 
through a sheet of black paper and afTected a photographic plate behind the 
paper This emission, moreover, was perfectly sponiineous Neither heat 
nor cold could start or stop it It was a natural property of the compound 
This original discovery made m 1896 was followed by npid deielopmcnts 
and It was not long before it was found that residues of pitchbl ende , one of 
the ores in which uranium is found, were much more radioactiic thin pure 
uranium compounds themselves In 1898 Madame Cunc, the Polish wife 
of a French physicist, with the assistance of her husband, isolated folotiiutn 
ind radium, two substances possessing radioactive powers m a remarkably 
high degree Radium was shown to be an element of atomic weight 226 
with chemical properties similar to the stable clement banum 

It IS, however, with the nature of radiations emitted by a radioactive 
ubstance that we are specially concerned, not with its chemical properties 
?he radiations, whatever they arc, have three outstanding properties They 
o^e the air, or any gas, through which they pass, they affect a phot ograp hic 
slate like light or x-rays or positive rays, and they cause fluorescence when 
they strike certain substances The ionization effect will detect sucTi a small 
quantity of radioactive substance that it has been of great importance through- 
out the whole development of the subject, the photographic effect led to 
222 



ALPHA RAYS 


223 


Becquerel’s discovery, and the ability of the rajs to excite fluorescence is 
probably familiar to most people because of the radium-coated v/atch hands 
which may be seen in the dark 

167 The N&ture of the Radiations. — In seeking to hnd out the 
nature of the radiations emitted by a substance like radium, it was natural chat 
early investigators should examine what happens when the rays traverse a 
magnetic field The deflection of cathode rajs by a magnetic field had shown 
that they were negatively charged particles What did such a test show when 
radioactive radiations were examined’ In pnnaple 

the experiment is extremely simple A narrow beam a Y 

of rajs emergng through the top of a containing 
box B, Fig 166, passes through a magnetic field be- 
tween N and S By such a means the original beam 
IS separated into three components ( I ) a portion un- 
deflected by even the strongest magnetic field, ^(2) 
a second part readflj deflected in the direction which 
indicates that it must consist of negatively charged 
particles, and'fS) a third part, cons sting of positively 
charged particles, deflected a slight amount m the op- p,Q magnetic 

posite d rection by sufficiently strong fields The *epar»ce* the r»di 

' 1 , . I . , . at ont from radium into 

positive particles are called m ho rays, the negative three gtouw Thedefiec 

i£M, and tha undtfltcted beam, which ,s of a mo- ;■ 

corpU3ailar_na ture. eamtnti T a\% the a beam away from 

Once we know that we are dealing with a flight 
of particles, certain questions at once suggest them- 
selves, What IS the miss of cich of these particles’ What charge do they 
carry’ How fast do they moie’ How penetrating are they’ Asalwajs, 
expenment provides the answer to these questions. In the following seePons, 
important details are given concerning each kind of radiation 

168 Alpha Rays — (I) As already noted, alpha rays are posnive jj 
charged particles Experiment shows that the magnitude of the charge earned 
by’each particle is equal to two electronic un its, that is, it is exactly twice the 
charge on a proton 

(2) Measurements of the amount of the deflecoon produced bj magnetic 

and electric fields (see section 35), combined with a knowledge of the mag- 
nitude of the charge, show that each alpha p|^cle has a mass about four times 
that of ajfldrogtiiailijnl cSlSinmg (ITind (2) wt sat that this partick 
IsTSmrfl^^tora of atomic wcishi ^ and atomic number 2 





224 


RADIOOTIVITi' 


(3) Alpha ra}S cause intense lonwation ns the) traverse n gns This is 
beautifully shown by cloud track photographs (see section 131), such as are 
reproduced in Fig 167 and Hg 168 In Pig 167 each whitclinc represents 
the path of a single alpha particle In its flight it causes such intense ionization 
that the little droplets formed on ions arc so close together that the) give nse 
to an unbroken cent nuous streak of light On the avcra r. c an alpht^ parocle 
makes about 3000 ion pairs per millimeter of its path 



Fio 167 Cloud track photograph show ng a »ho»et of alpha 
part clea ejecteu from a small source 


The photograph of Fig 168 shows the tracks of but two alpha particles 
In the left hand track of th s figure it will be noted that the path turns through 
a small anje to the right and then just before the end of the track, it makes a 
second and much sharper turn to the left These sudden turnings are evidence 
of the near approach of the alpha particle to the nucleus of an atom Ordi 
nanly this heavy part cle ploughs along without being deflected out of its path 
even when passing right through an atom Occasional!) , how ev er, the parti 
cle in Its passage through the atom jaasses so near the nucleus that its direction 
IS altered as shown in the photograph The stud) of such deflect ons, that is 
of scattering when alpha ra)s stnke a thm sheet of gold led to estimates of 
the size of the nucleus, and to the picture of the atom we have given m 
sect on 36 

On rare occas ons an alpha particle stnkes a nucleus * head-on,” and in such 
cases th ngs happen as we shall see later (See section 179) 

Tracks of part cles may also be revealed by the use of the photographic 
emulsion on a plate or film If for example an alpha particle traverses such 
an emulsion on development of the plate or film its track is readily visible 
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Stncc t/ie tracks of such pirticics in emulsions ire CKtreniel) short, the photo 
praphic rcprudiicti >n is usuill) liii»hl) mn^mfied A good example of such an 
alpha ra) track is seen m the left side of kis 205, 


the reproduction of a photograph kind]) gitcn 
the author h) Dr Pierre Demers, of the Univcr- 
siij of Montreal 

(4) When the) strike _ccrtam substances, alpha 
rajs cause marked fliiorcscencc, a propertj sshich 
)s"mai]e use of in the spintlianscope, one of the 
earlj radioacme tojs In this arringciticnt, a 
speck of radinactnc matenat is placed near a 
screen coated with rmc sulphide and, with ejes 
rested, the screen is viewed through a naagmfy- 
in? glass in a darkened room Little flashes of 
light are seen to dance ahout m irregular fasliion, 
somewhat as if in a patch of $k\ the stars kept 
disappearing m one place and reappearing in 
another Each scintillation corresponds to the 
impact of an alpha particle on the sc/ecn We 
hue called this a to) hut, as a matter of fact it 
was the hasis of more than one imcstijation in 
which the niimher of alpha particles leaving a 
source in a given time was counted, and it was 
used with success m determining how far both 
alpha panicles and protons travel before thej are 
no Jong,er able to ionize 

(5) y\Ipha rays have a s peed which vane s «ath 

the radioactive source ir^ which they are 
emitted, but for the most part is b etween one fif - 
teenth and one tenth of the aelo cjtj of ligh t It 
IS wortli'Tioting tiiat alpna partidcs, whose «j)eed 
IS a little less than one-tw enficth of the velocity of 
lizht, have about four mill on electron vole (4 
mev) of cnerg) Alpha particles arc emitted 
from some sources wath energies as high as 8 mev 
fh n* will' ihr «iv5vW Ah? 

to an abrupt end This is due to the fact that 
once the velocitj falls below a certain value, an 



Fro 168 CJoud track phoio- 
grapli oJ'patlis ol'two alpSa 
part cles 


alpha particle is no longer able to ronize The 4ctTial_rang^n air over which 


thej can. ioniz e is onlj a few cenometere never m ore_t ban a 6 cm 
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(6) It follows from this that alpha ra>snrercadilj absorbed bj solids 

are completel) cut off by a sheet or two of ordi- 

nary paper, or b} a thickness of about 0 006 cm 
of aluminum, and they cannot get through 0 1 
mm of epithelial tissue It will be evident, there- 
fore, that if a radioactive substance is enclosed in 
a glass tube (unless extremely thin), alpha rays 
will not get through the glass 

To examine the alpha ray emission from a sub- 
stance, an electroscope of the type shown in Fig. 

169 IS used The insulated rod of an electro- 



scope extends, through insulating matenal, into 
the lower chamber, where it is attached to n 
disc D The radioactive matenal, placed on th^ 
earthed platform, gives off radiations which lon-w 
izc the air in its vicinity When the electroscope 
IS charged the leaf falls at a rate which is pro 
portional to the amount of ionization, and hence 
to the quantity of radioactive matenal 

169 Beta Rays Beta rays are 

nothing but high speed electrons shot out of radio 
active substances with velocities which cover 
wide range, but may exceed nine tenths of the ve- 
locity of l^ht To acquire’a speed equal to the 
fastest beta ray — over ninety-nine per cent of 

the velocity of light — a cathode ray would h^ve to fall through a potential 
difference of over three million volts 
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Fic 170 Cloud track photo- 
graph of a fast beta ray The 
irregularly curved line of dots 
arises from a slowly mov ng 
electron 
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(2) Beta rajs i onize a ga s, although not so intensely as alpha rajs The 
difference will be evident b) a comparison of Fig 170 with either Fig 167 
or Fig 168 InFig 170 the straightlme of tiny dots marks the path of a beta 

ray moving so quickly that it is not deflected out of its path On the same 
photograph the curved irregular path near the middle is due to a slow 
electron which is easily turned as de collisions The student should also 
examine Fig 196, where the photograph shows very beautifully the curved 
path of an ionizing particle like a beta ray or an electron when it is constantly 
deflected b) the presence of a magnet c field By way of companson w itb an 
alpha particle, note that a beta ray creates from 10 to 20 ions per millimeter 
of Its path 

The tjpe of electroscope shown in Fig 123 may also be used for studying 
beta ra} lomzation If the radioactive matenal k placed outside the window 
TF, a moderate thickness of paper will exclude alpha rays Altematelj, the 
window can be removed, the metal wall of the container being conttnuous, 
and the chamber can be designed so that a tray containing the radioactive 
material can be placed inside, at the bottom Here again, a sheet of paper of 
su^a£i^Ie thickness can be used to remove the alpha rajs 
'^(3) Beta rajs being of small mass and of high speed, are much more pene- 
trating than alpha rij s The fastest will pass through several mHlimeters of 
a low density metal or of tissue, and traverse as much as ten feet of air before 
thej are stopped They are, however, completely stopped by lea than 0 5 mm 
of gold or of platinum, or by about 0 4 mm of steel or monel metal * It 
will be seen then, that, by placing a radioactive substance in a suitable container 
it IS not a difficult matter to remove both beta and alpha raj’s 

170 Gamma Rays Gamma rays are electromagnetic waves of 

the same nature as x njs, but for the most pert of shorter wave length The 
actual values of emitted wave lengths depend on the radioactive source, and 
for a given source more than one wave length is emitted From radium C, 
for example (see section 178), there are waves as long as 0 2 angstrom, a 
\ aliie m the therapy x raj range, and ts short as 0 0056 angstrom 

^(2) Some gamma rajs are so penetrating that a thickness as great as 10 cm 
t)f lend will not completely absorb them A thickness of platinum or of gold 
equal to 0 5 mm , which we base seen completelj absorbs beta rajs, absorbs 

onf) about 7 per cent of the gamma rajsenwtted from 3 iaJt of radium enclo^d 

m a tube Muscular tissue, 2 cm in thickness, reduces the intensitj onlj S per 

• Fnr enact exam nation of the jen tration of beta rajs use is made of aWrpt on 
coefficients and the relation / in x rays 
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cent, and even after traversing 20 cm , the rays emerge with over 60 per cent 
their original intensity 

As with X rays, the actual absorption coeffiaent vanes with the wave length 
but an average value enables the radiologist to estimate with sufficient accuracy 
for most purposes the absorption caused by various materials In this connec- 
tion the numbers given in Table XXXI* are useful 


Substance 

Coefficient 

Aluminum 

0007 

Lead 

0 088 

Plat num 

0 139 

Gold 

0 140 

Monel 

0021 

Brut 

0020 

Muscle 

00024 

Epithelial tissue 

00024 

Bone 

0 0055 

Water 

0 0026 

Paraffin wax 

00022 


The coefficients given m this table are used m the same way as the linear 
absorption coefficients of x-rays, as explained m section 136, with the excep 
tion that when using the values given in Table XXXI, the thickness of the 
absorbing layer must be expressed in millimeters, not centimeters Thus if 
/# 15 the intensity of the gamma radiation from a radium salt incident on a 
lajcr of aluminum x ram thick, I, the emergent intensity, is given by the 
relation 

I = /of-*** = 

or, by the equivalent relation 

^ — 0 007 — — ^ (login Itt — logiQ 1) 

If the thickness of the absorber ts small, these relations may be replaced, with 
verj slight error, by the simpler expression 
/ = /„(! 

from which it follows that the 

fraction absorbed = fix 

■ Taken Ria, urn DosaRc Bullet n No 17 of the Nitional Research Council of 

Cana la Bv O C Laurence 
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For eximplc, } mm of aluminum absorbs about 0 007 or 0 7 per cent of the 
incident gamnn radntion from a radium source , 0 5 mm of gold about 
0 140 X 0 5 or about 7 per cent, 0 25 mm of platinum about 3 5 per cent, 
and 1 mm tissue about 0 24 per cent 

-(3) Gamma rajs lo mze a ga s throug h^w)»eJ^the} pass This ioniration is 
‘‘ti emission of tec ondar^ beta rays which results whenever 
gamma rajs traverse matter Secondarj [>cn rajs maj have velocities high 
enough to enable them to traverse several meters m air or a few millimeters 
in tissue before being stopped This means that, w hen a radium salt is enclosed 
in a tube like plalinuro, of soffiornr rhiclrnes* to absorb completely the ongins) 
beta rajs, that is, the frtmary betas, the gamma rajs wall cause an emission of 
secondarj betas from the platinum fn radium therapa it is therefore neces- 
sarj to surround the metal wuh a secondary fi lter of such a matenal that it 
absorbs the objectionable secondarj betas, and does not emit intense secondarj 
beta njs itself for this purpose, a matenal like rubber has been used to a 
considerable extent, although reccntlj Quimbj and co-workers have shown 
that “ the secondarj radiation » considerably less for substances of intermediate 
atomic number than for those toward either end of the atomic scale ” Stain 
less steel or nickel, for example, are sometimes more suitable than rubber or 
celluloid 

(4) When gamma rajs traverse matter, a certain amount of scattering 
takes place, the amount depending on the qualitj of the primary beam and on 
the scattering material The reduction of intensity' when a primary beam 
traverses a lajcr of matter such ns the walls of n metal tube eontnmmg radium 
IS due, m part to scattering, m part to true absorption corresponding to the 
emission of secondary beta rajs The absorption coefficients given m Table 
AXXI take into considention both of these factors 

Since gamma raj's are of the same nature as x-rajs, it should be evident 
from the discussion m section 132 that, with materials of low atomic weight, 
like air, water and tissue, secondary beta rajs are almost entirely recoil elec- 
trons Because of the shorter wave length of gamma rajs (and hence the 
greater amount of energy h in a photon of a gamma raj), the velocities of 
the secondarj betas or recoil electrons are hijh enough to enable them, as we 
have seen, to traverse several metersm air Gamma rays of wave length 0 02 
angstrom, for example, give rise to rccod electrons with a maximum range 
o{^€ order of 4^ meters manors mm mtissue 

If a beam of gamma rajs is used for the treatment of deep seated tissue, 
the scattered raj s from surrounding tissue add to the dose delivered to the 
region under treatment, or, in this case the effect of those scattered rajs is to 
reduce the apparent absorphon of the pnmatj beam Because of the true 
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absorption of energy represented by rectnl electrons, the wave length of gamma 
radiation is increased after scattering, that is, the beam is softened (Read 
again sections 128 and 132 ) a 

(5) The electroscope illustrated in Fig 123 (with window replaced by 
metal) may be used conveniently for studying the relative intensities of the 
gamma radiations from two sources, provided that the thickness of the walls 
of the chamber is sufficient to absorb all the primary beta rays from the sources 


171 Geiger-Mueller Counters — In section 168 a bnef reference 
was made to an experiment in which the number of alpha particles leaving 
a source was counted by observers 
T making uk of scintillations A much 

' better method is provided by the use 

** ■ ^ of aj, electrical counter, a device 

which has the additional advantage 
I ' that It can be used for many other 

purposes, some of them of great 
importance in radiology 

^11 .1 Fundamentally counters make 

*l*r * ‘•1*1 I use of ionization and ionization 
I chambers To understand the basic 
principles, consider the specific prob- 
Fic 171 / repr«sent$ an loniMtton chamber lemsof (a) detecting by an electrical 

with central electrode ^ joined to an electro- . . / % ' i > u, 

meter method the entry of a single alpna 

particle into an ionization chamber, 
and (b) of counting the number which enter in a given time Suppose an 
alpha particle enters an ionization chamber /, Fig 171, consisting of an outer 
conducting cylinder maintained at a high negative potential and a central 
electrode W joined to a simple electrometer As has been ind cated, an alpha 
particle on the aserage creates some 3000 ion pairs per millimeter of its path 
in air at atmospheric pressure Therefore, if its ionizing path in the chamber 
IS, say S cm it will create 3000 X 50 or 1 5 X 10® ions If we assume 


no recombination, 1 5 X 10* particles, each with the electronic charge of 
4 80 X 10 statcoulomb, will be driven to the central electrode, that is. 
It and the attached electrometer will acquire a negative charge of 1 5 X 10® 
X 4 8 X 10 ’“or about 6 4 X 10“* statcoulomb 

Since the capacity of the system acquiring this small charge is also small, 
the resulting chanse in potential is of the order of millivolts or even less 
With an ordinary type of electrometer such a potential pulse, as we may call 
It, would not be observed On the other hand, by joining the collecting elec 
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troJc to 1 suit-xHc Mcmnn tube circuit, for exjmpjr, to the gniJ of an rP54 
ti))>c, t))e arnvi) of the pij)$c due to the entrance of m i)p?n particle into the 
cfnmher cm be regi<tered md ohserted 

Now, -lupixwe 1 Micce^Mon of niphn particks enters n chamber, possibly a 
large luimbcr per second Whnt irrangcment can be made to obtain a corre- 
sponding number of observable clectncat changes per second' The answer 
to that ijuestion was first given in 1908 b) Rutherford md Geiger, Jong 
before the dajs of electronic deuces Suppose that the toltage applied between 
the collecting electrode and the outer case of the chamber is made sufficiently 
high that the ions or eleifrons in their passage through the strong electric 
field near the electrode acquire enough energy to ionize by collision In that 
case, each ori’tnal ilectron or ion 


creates many more, because each of 
tJie secontl generation >•> sjveded up 
to ionize bj eolhsinn, tlu process 
being rapidly cumulative, so that the 
onginal I S X 10’ ions is multiplied 
many times Under such conditions, 
the pulse of potential given to 
the fibre of a string electrometer 
attached to the collecting electrode 
IS great enough to he observed This 
was the principle employed hy 
Rutherford and Geiger who stated 
that “the current through the gas 



Tic 172 When a larp ionization current 
develops suddenly in the ionization chamber 
iiecause of the drop in potentiel along the 
resistance R , the D between the electrode 
If and the ehamtier wall drops sud ienly 


due to the entrance of an alpha particle into the detecting vessel was magni- 


fied . . . sufficiently to give a marked deflection to the needle of an electrometer 


of moderate sensitivity ” Their “ detecting vessel ” was the parent of the 


modern counter. 

In order to count a rapid suceesnon of alpha particles, the cumulative dis 
charge m the chamber following the entrance of a single particle must be 
quenched in a very short time Obviously the sfiorter the time, the more rapid 
the counting which can be made This boolc is not the place to go into details 
regarding quenching mechanisms, but one or two factors involved are worth 


noting 

Suppov a fircmf » arranged as m Fig 172, where IF, a fine wire, is the 
collecting elecfrrxlc, R a high resistance, and £ the E M F of the source used 
to create a potential ‘difference between W and the wall of the chamber 
With no ionization current, this P D b equal to E volts But if the lomzation 
current following the entrance of a particle suddenly nses to / amperes, then 
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this P D drips io E — IR Hence, the strength of the electric field in the 
chamber quickly drops to i vtlnc, which, b) projKr choice of R md by suitable 
design of the chamber, is not grt it enough to miintam a discharge jVIorcovcr, 
because negative electrons move much more rapidly than the heavy positive 
ions, during the period the ionization current exists, there is a rapid removal 
of electrons to the wire Tf , accompanied by a comparatively slow movement 
of positive ions towards the wall This slow movement of positive ions gives 
rise to a positive space charge whose presence still further weakens the field 
near the wire W and assists quenching 

The beginner, however, need not be concerned greatly about quenching 
mechanisms, if he has grasped the essential ideas that the entrance of a single 
ionizing particle into a counter chamber can be observed and recorded, and 
that the corresponding ionization current m the chamber can be quenched so 
rapidly that the entrance of many paruclcs every second can be counted 

By recording photographically on a moving film the movements of the 
fibre of a string electrometer, the entry of several hundred particles per minute 
can be recorded Modern counters, however, make use of different types of 
vacuum tube circuits, some of which can record mechanically pulses as rapid 
as 3000 per second For recording rapid pulses mechanically , so-called “ scal- 
ing circuits" are used in connect on with the counter For example, the 
“ scale of two ” in common use, employs electronic devices designed so that a 
register is made for every 2 paruclcs entering the chamber, or every 4, 8, 
16, etc 

Proforttonal Counter Depending on the applied voltage between the cen- 
tral wire and the wall of the chamber, counten are used in two mam ways (i) 
in the proportional region , (ii) m the Geiger region A proportional counter 
IS used w th such a range of voltages that the flow of charge to the central elec- 
trode following the cumulative ionization, although many times greater than 
the initial number of ions created by the onginal ionizing particle is always 
proportional to this initial number With such a counter, therefore, one can 
readly distinguish between the entrance into the chamber of a high speed 
electron or a beta ray and an alpha particle because of the much smaller num 
ber of ions created by the electron than by the alpha particle The observed 
signal caused by the entrance of an electron will consequently be much less 
intense than m the case of the alpha parocle 

Geiger Mueller Counter Beyond the range of voltage suitable for a pro- 
portional counter, there is a region of still higher potential differences such 
that the flow of charce to the central wire following cumulative ionization is 
independent of the number of ions created by the onginal ionizing particle, 
being just as great for a beta ray as for an alpha particle A counter designed 
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for operation in this region is called a Geiger-Mueller, or sometimes s mply a 
Geiger counter In a properlj designed counter of this t>pe, there js a eon 
siderablc range of voltages (the plateau region) such that the number of 
counts per minute recorded bj the counting mechanism is independent of the 
actual value of the voltage, a necessary condition if the number of counts per 
minute is to equal the original number of particles entering the chamber 
each minute 

Geiger-MudJcr counters can be used for many purposes, their construction 
and design naturally varying somewhat with die use to which they are put 
The importance of suitable potenual differences has already been indicated 
Two other important vanables are the nature of the gas in the chamber and 
the gas pressure With regard to these factors there is considerable leeway 
Pure gases like hydrogen, helium, nitrogen, hate been used, also mixtures 
like argon hydrogen, ne<m*hydrogen, argon and alcohol vapor, and vanous 


Thn ftsss bubble 


CnrUtf Pnfutor Snt* * AVjf 

Fio 173 Ion zation chamber for a Ge g«r \fu*lkr counter suitable for alpha parttcln 

polyawmic gases, such as methane for example The range of pressures is 
considerable, but for the most part fairly low, of the order of 13 cm dr 6 or 
7 cm of mercury 

The construction of a Geiger counter, designed especially for alpha rays, 
IS illustrated m Fig 173, a dugram reproduced from the book Electron and 
Nuclear Counter!, by Korff, ly kind permission of the author and the pub 
Ishers, D Van Nosfrand Compan), Inc, New York The glass window 
must be thin enough to permit the passage of alpha particles 

Of great importance to the radiologist is the fact that Geiger-Mueller 
counters can be used to detect and to measure x-rays and gamma radiation 
This IS possible because of the secondary electrons (photo or recoil) produced 
*?y these ra^iavons. If a photon on entenng a chamber causes the cm ssion of a 
secondary electron, the electron can ioni2C along its path, and counter action 
IS possible Sometimes to increase the sensitivity of a counter for certain t) pes 
of radiation, the wall of the chamber is coated with a material giving a marked 
photoelectric emission when struck by the radiaton to be tested 
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Reference to counters suitable for detecting and counting neutrons will 
be found in section 198 

172. Radium in Treatment. — In iherap) , radium is usedji ^hre e im- 
portant wa) s ( 1 ) A small amount of a radium wit is enclosed in a tin) tube 
or needle, made of such metals as steel, monel, platinum, platinum-indium, 
and gold Although radium can be obtained in the metallic state, normall) it 
IS used as a salt in the chlondc, bromide, or sulphate state. This needle, or a 
pack consisting of a group of seaeral needles, is then used as a source of radi- 
ation Usually the filtration k sufficient to restnet the ra)8 to gamma onl), 
but with thin asalls some primar) betas can emerge As alread) noted sec- 
ondary betas emerging from the metal container can be remos ed by additional 
filtration 

The amount of radium used in a single needle is of the order of a few milli- 
grams An applicator ma) be placed in contact with the tissue, or, if suffi- 
cient!) pow erful, at a few centimeters from it 

(2) In radium beam therapy, the source is a bomb containing seseral grams 
of this radioactive clement In this case the patient, or more accurate!), the 
tissue under treatment, is subjected to an intense beam of gamma ra)’8 

(3) Needles or seeds of radon or radium emanation, a radioacUse gas manu- 
factured b) radium, are frequent!) used instead of the original radium salt 
Small glass tubes containing the radon ma) be embedded or implanted in the 
actual tissue under treatment, or the) ma) be placed within metal containers 
like the needles mentioned above The difference between the use of radon 
and radium salt is explained below. 

All the above methods, it will be noticed, deal essentiall} wnth gamma 
ray therap) As alread) mdicated, a certain amount of beta radiation is possible 
when a radium source is embedded m tissue Since biological effects are almost 
certainly the result of ionization m tissue, and beta ra)s are ionizing agents, 
beta ray therapy cannot be overlooked This is particular!) true in connection 
with the use of the man) artificial radioactive isotopes (discussed in Chapter 
XVII) which can be injected into the human body, cither as tracers or for 
possible selective absorption b) specific organs 

173 Strength of a Radium Source — When radium needles are used, 
the dose delivered to the region treated depends on several factors (1) the 
time of application, the distance of the source from the diseased^ssue, 
(3) the amount of absorption by the matenals enclosing the radium salt and 
by tissue, and (41 the total quanb^ of radium sealed in the tube, that is, on 
what we may calllhe strength of the source 
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The strength o{ the source is expressed m milhgnms of radiu/n, and it is 
me-isured h} direct compansisn unh a standird In 1912 a tube containing 
16 74 millignms of radium m the form of ndium chloride, prepared b> 
\f-idame Cunc, was adopted as an international standard bj a Committee 
of the Congress of Radiologj and Electncit) This is kept m the Interna 
tional Bureau of Weights and Measures at Sesre, near Pans National sec- 
ondarj* standards ha\e been made b) comparison with the Internationa] 
standard, and are in the possession of Such institutions as the National Physical 
Lahorator) in England, the Bureau of Standards m Washington, and the 
National Re<«arch Lahoratoncs m Canada When a radiologist bu^s a 
radium needle, its strength has been found by comparison nith a National 
Standard and it sbould be accompanied by a certificate which reads like the 
follow intr one 

TJni reriipet that the ahoz/e 4escnbed tteeJU hat been camfared xvtth the 
ttandardt of the Xatroml Research Laboratories, and found to emit gamma 
radiation equnalent to x mdligrami of radium in equddnum with Us distnte- 
gretion froduels and rontmned tn a Thursngsan glass tube 0 27 mm thsek 

Note that comparison between the specimen and the National Standard is 
made b) usmj gamma rajs only This is readilj done by using an electro- 
scope u»h 3 lead wall of sufficient thickness to absorb completely all beta rays 
falling on it The tpecimen to be measured and the stundaiA are placed 
successisel) at the same distance from the electroscope, and m each case the 
rate of discharge measured The two quantities of radium, as measured bj 
gamma raj emission, are then in direct proportion to the rates of discharge, 
corrected m the usual way for natural leak 

The meaning of the phrase “ in equilibrium wnth its disintegration products ” 

IS explained in section 177 

Altcrnamc methods of stating the strength of a radioactive source wJ]] be 
found in section 1 78. 


174 Dose in Roentgens — In gamma ray therapj, doses are now 
expressed in roentgens Measurements by a number of different expen 
menters, using air-wall chambers, indicate that " for present medical purposes 
the quantis) of gamma radiation received m one hour, at a distance of 1 cm 
from 3 point source containing 1 milligram of radium element surrounded by 


* In add won ip the important V S standard, a series of substandards hi»e been 
wenth prepared under the direction of tJie Comm ttee on Standards of RadioaetiMty 
of the National Research Council of the United Sute* These standards have been o 

will be deposited at the Bureau of Standards m Washington and a 

mg standards for investigators who may desire them 


o be used as work 
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0 5 mm nlatmxim may be regarded is approximately equivalent to 8 ronit 
uens ’ (Proposals of British X-Ray and Ridium Units Committee, 

1937 ) 8 4 IS probably a better mean value If no correction is made for 

wall thickness, the number of 9 may be used to estimate the approximate 
dose Stated otherwise, the above means that an estimate of the dose in 
r units, uncorrected for absorption or for finite size of needle or of number 
of needles in an applicator, may be made with fair accuracy, by the following 
relation 

_ 9 X milligrams of radium X time in hours 
ose — (distance in centimeters)* 


For example, for a 10 mg needle, used for 2 hours, the dose at 5 cm from 
the source is ^ ^ ^ ^ or 7 2 roentgens If the needle is surrounded by 

0 5 mm of gold, by using the coefficient 0 14 for gold given in Table 
XXXI, we see that this dose when corrected for absorption by the gold, is 
(1 — 0 5 X 0 14) or 93 per cent of 7 2 
For more accurate work, especially where a number of needles are combined 
in different arrangements to make applicators of different shapes, there are 
available dosage tables which a radologist can consult 

Measurements at the Memorial Hospital, New York, indicate that the 
erythema dose resulting from gamma radiation corresponds to a mean value 
in the neighborhood of 1000 roentgens 

Before leaving this question of dosage, we agam quote from the Recom- 
mendations of the 1937 International Congress of Radiology “ The specifi 
cation of the conditions of gamma-ray treatments should, where possible, 
include statements of — 

I Quantity — The total quantity of radiation (expressed m roentgens) 
estimated to have been received by the lesion 

II Particulars of Radium Source — («) The total amount and nature of 
radioactive substance employed (expressed as equivalent mgm of radium 
element) {b) Type, munber, and distribution of the containers 
(c) The matenal and thickness of filters and the nature of the material 
externally adjacent to the skin 

III Technic — (<i) In the case of surface applicators, or “large radium 
units,” the quantity of rad ation per field at the surface (i>) The dosage 
rate during each individual irradiation (c) The total time over which 
a course of treatments is spread {d) The time intervals between suc- 
cessive irradiations (e) the case of surface appl cators or large radium 
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1 { I hr nmnber, dimensions> and situ- 

(/)lhcnv.m , 

atmns ot tlie ports of mlr) ” 

1 ™ alt IS heateJ and the occluded gases 
175. Radon - Suppose „d,um chloride 

iicctrdand scilcdm-.tuh boikd and 

dilute h) drochlnric ^ by testing with an electro- 

It the gases driven off are codec radioactive If measure- 

ape, that the tube ' Xh^r^Vgantma-rap electroscope, rr 

tuts of the lonivation are mad O n„ 

noticed that at first the aetrnty of „ cammed every 

lurs, it has reached a mastmum radioaetivit) steadily 

* horns for a succession of da)^ show the rate 

ecomes less and less 

t which the tube loses its rad.oacnv.t) 



, „ye that, although the gases collected 
It should be eleac from „ „i„„n, exhibit marked radioactivity, they 
„„ a radium salt or a „r,g.md md.um prep.rarion When 

iffer in one important respect It ^1^,. g,, „„ change* is detected, 

"edl. containing a radium salt»t«e Table XXXII show 

ut, with the tube contaming S^^_^_^,^„,j„„pjr„,d 

ha. ... ae..».y »' “'1,°',“ ,ve consonien. m the mte, the gase, collected 

In addinon to the raJ'oacti yvp,„ ,p„,, 

ontain hydrogen, oxyg'". " „ kft „ a radmact.ve gas, called r.d.nm 

■emoved b, appropriate m , a loss of ♦ part* lo 10,000 can b« detected 

. tv. nt the end ot > y«‘« 

• More accurately, a« 
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emanation or ration From a gram of radium, onlj about three fifths of a 
cubic millimeter at atmospheric pressure, cm be obtained Radon has been 
shown to be an element of atomic weight 222, belonging, to the familj of the 
rare gases Chemical]), there k nothing remarkable about it, but in radi- 
oing) it is of tremendous importance Wjlh __ 


a suitable emanation plant, it is possible to 
keep a supply of radium, and « ithoue touch- 
ing the original sonrec, to seal the radon 
into gla<s tulics and use them instead of 
radium needles figures 1/4 and f 75 are 
photographs of an emanation plant designed 
b} G failla of the Memorial Hospital, 
N’c\v ork, and installed bj J E Row, m 
the United States Manne Hospital, Baltw 
more 

To use a radon tube mfelligenil), « » 
necessaf) to be fimiliar «ith the law gor- 
crning its loss of activitj, that is, of sshat is 
called Its deea) U \s e plot the results of 
Table .WXII, activit) against time, wc 
obtain the cune 1 sliown in Pis 176 
Examination of this cune shows it to be 
exponential, that is, of exactly the same 
shape as that giien in curse t. Fig 126 
That figure, it svill be recalled, illustrates 
the reduction in intensit) of a homogeneous 
beam of X rajs as a result of absorption As 
alread) indicated in section 112, we can 
desenbe in three wa)S an exponential Jaw 
In terms of curve t, in Fig J76, showing 
the deca) of radon, wc maj state (I) 
Each day the activity decreaiet by 16 5 
fer cent of the actnity of the f receding day 
Thus, if we decrease 83 5 b) 16 5 percent. 
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Fic 175 ConfroJ panel for raJon 
apparatus shown in p’s 174 The 
control rooin and the radon appara 
tvs are separated a two-fooi 
concrete wall 


we obtain 69 7 Or, if we decrease 69 7 


by 16 5 per cent, we obtain 58 2 (2) In 3 82 days the actmty has decreased 

one half This tune is the hnlj-fenod of radon (3) The curve is ex 


ponential, and therefore is described b> the law I z=. where /(, is the 

initial activity, t is the time, and A is a coefficient From this law it follows 


as already shown in section 1 12, that the loganthm of the activity decreases b> 
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the same amount each day (or any time interral) This is shown by th 
numbers m the last column of Table XXXII 

If we use logarithms, the exponential law may be written 
230(logio/o-logn»-0, 


For radon, this gives us 




if the time IS expressed m days , 

It IS left as a problem for the student to prove that T, the ha -peno , 
that IS, the time in which the activity falls by one half (from lo to Ut) for exam 
pie) IS connected with X b) the relation 

0 69 



For X s= 0 18, this gives 3 82 days for T 

176 Growth of Radon —Sup- 
pose from a supply of radium chloride 
kept m solution, all the radon is col- 
lected at various time intervals It *8 
found that, when the solution has been 
left untouched for a month or two, the 
radioactmt} of the collected radon at the 
end of such an interval is just as great 
as when the solution is left untouched 
for SIX months, or a ) ear, or two years, 
or any long period On the other 
hand, if the radon is collected after 
intervals of 1 daj, 2 dajs, 3 dajs, 
and so on, the activity is found to be 
greater the longer the interval, until a maximum is reached after about 
one month The numbers in Table XXXIII and curve 2 in Fig 176, 
show the exact rate at which the activity increases, maximum activity being 
assigned the value 100 

The figures of Table XXXIII are readily interpreted in terms of two 
processes (1) The manufacture or growth of radon at a constant rate, and 
(2) Its decaj in accordance with the law already explained, namely, that 
each day the loss of activit) of radon is 16 5 per cent of its activity the preceding 
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day. If we start HitJi a qvantit) of radium salt initially free from radon, 
each day a certain amount of radon is manufactured, and at first the total 
amount steadd} increases as the total quantity increases, the amount 

decapng also increases, until ultimately a balance is reached when the Joss 
in a day due to decay is exact!) equal to the amount added 


Table XXXIII — ckowth or uOilm emanation teom sadium 


Time Interval 

Pereentage of Maximum Value 

1 day 

16$ 

2 

303 

3 

41 8 

4 

St 4 

S 

59 4 

w 

95 5 

20 

973 

30 

995 


A financial illustration niaj not be amiss Suppose a man deposits m a 
bank $16 50 every day , and, m addition, each day (after the first) before he 
makes his deposit withdraws 16 5 per cent of the amount to his credit His 
account will increase in exactly the same way as the figures of Table XXXIII, 
but It will neier exceed $100 00 When that amount is reached, he takes 
out 1 6 S per cent or $ 1 6 50, and puts m exactly the same sum Equilibrium 
has been obtained 

177 The Curie and Milhcune. — In much the same way, when radon 
accumulates m a vessel containing a radium salt, a fixed maximum balance or 
equxlthnum amount is reached m a little oier a month’s time If the quantity 
of radium is 1 gram, the eqiidibrnim amount of radon is called 1 cune, or if 
1 milligram of radium is available, the equilibrium amount is I milhcune (me ) 
In actual practice, provided the onginal quantity of ndium is sufficient, it is 
not necessary to wait until equilibrium has been established From the num* 
hers given in Table XXXIII, it should be endent that from a 100 mg supply 
of radium, every day a tube containing 16 S me could be obtained From 
a 1000 mg source 165 me of radon are asailahle every day This can be 
subdivided among a number of tubes or seeds For example, sixteen tubes 
each containing about 10 me can be supplied exety day by a center possessing 
1 gram of radium and an emanation plant 

The use of radon tubes has the great advantage that the original radium 
supply IS left untouched, with no danger of the loss which sometimes occurs 
when radium needles are used 'Moreover, from a single center tubes with 
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an initnl activity of the same order as that of small radium needles can be 
sent all over the coimtrj On the other hand, m reckoning dosage, radon 
seeds have the disadvantage that correction must be made for the decay in 
activity That, however, involves only a little anthmetic 

Although, strictl) speaking, a cune is the amount of radon m equilibrium 
with one gram of radium, the practice of expressing strengths of radioactive 
sources in general in terms of this unit has become fairly common Certain 
objections to this practice, as well as a suggested new unit, will be found in 
«ection 178 

Disintegration and Nature’s Transmutation — If radium ema- 
nation disappears, and this seems to be the case, since it steadily loses its 
radioactivity, what becomes of il^ As always, experiment helps provide the 
answer When a metal wire, preferably negatively charged, is inserted in a 
tube containing radon, left for two or three hours, and then removed, it is 
found to be radioactive Careful investigation shows that the wire is coated 
with an invisible layer of solid material to which the name active deposit is 
given If the coated wire is tested by an electroscope at successive time inter- 
vals of about 10 minutes, it is observed that the activity steadily decreases 
Now what IS the explanation of these changes^ The story of the unrav- 
eling of these somewliat mysterious radioactive processes, one of the most fasci- 
nating in the history of physics, was first given by Rutherford working m 
collaboration with Soddy, about the beginning of this century To understand 
It, the student is first asked to recall that an alpha particle has a mass of 4 on 
the atomic weight scale and a charge of 2 positive units It is, therefore, an 
ionized atom of atomic weight 4 and atomic number 2, and these numbers 
strongly suggest the element helium Evidence that an alpha particle is indeed 
a doubly ionized helium atom was found m the early days of the study of 
radioactivity Helium was found occluded in radioactive ores, and in 1903 
Ramsay and Soddy showed that it was present m radium emanation But 
most striking of all was a direct experimental proof made in 1909 by Ruther- 
ford and Rojds Alpha rays from a radioactive source enclosed in a lessel 
w ere allowed to escape through an extremely thin glass window into a second 
\essel, where they were collected By a spectrum test it was shown that 
helium was present in the second vessel in an amount which gradually increased 
with the number of alpha particles collected This proved conclusively that 
alpha particles were nothing but the nuclei of helium atoms 

We may conclude, then, that the element radium shoots off atoms of helium 
In considering where they come from, it is well to recall that the difference 
between the atomic weight of radium, 226, and that of radon, 222, is 4 1 he 
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conclusion that the alpha particle is ejected nght out of the nucleus of a radium 
atom can scarcely be atoided It is an example of the disintegration of an 
clement which occurs spontaneously with radioactive materials, and it is this 
property which distinguishes a radioactive element from a nonraiioactm one 
The nuclei of the atoms of radioacOve elements are unstable, those of ordinary 
elements stable (In Chapter XVII, we shall see that it is possible to create 
unstable isotopes for manj elements whose normal isotopes are stable ) Due 
to this mstabilit}, everj now and then an explosion occurs, and a particle is 
ejected from the nucleus, leaving behind the nucleus of a new atom This 
process, therefore, is a genuine exacnple of the transmutation of one clement 
into another Radium, a metal belonging to the banum familj , is transformed 


a 



by the ejection of alpha particles, into radon, a member of the rare gas group 
Since the atomic number of radium is 88 and the alpha particle has an atomic 
number of 2, the atomic number of radon must be 86 

This transformation or transmutation from radium to radon is but one step 
m a whole senes of successive changes, all of which haie been carefully investi- 
gated Atoms of radon are unstable, and when they explode, thej also shoot 
off alpha particles leaving behind atoms of radium A This is another radio- 
active substance, with a half penod of three minutes The process of dism- 
te ration continues and radium A, emitting alpha particles, is followed by a 
senes of successive generations — radium B which changes to radium C by 
the emission of beta and gamma rays, radium C to C by the emission of 
beta and gamma, and C' to D by the emission of alpha (or alternatcl} C to 
C" by the emission tif alpha and C" to D bj emission of beta and gamma) , 
D to L by the emission of beu and gamma, t to F by emission of beta and 
gamma, and finally F (polonium) to G hjr the emission of alpha There 
the process stops because radium G is stable, being nothing but common lead 
This senes of transformations is visualized by the diagrams of Fig 177, 
and further details about half-penods are given in Table XXXIV 

In connection with Table XXXIV, the following ihincs should be noted 
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(1) The half period of radium, 1600 years, is so long that the total loss, 
even m the course of a year, may be neglected * For that reason, the number 
of atoms of radon manufactured each day by a given amount of radium is, for 
all practical purposes, constant 

(2) Because of the long half-penod of radium D, namely 22 years, it grows 
very slowly and hence, in a freshly prepared radium salt or tube of radon, the 
amounts of this product and of its posterity are extremely small The active 
deposit IS a mixture of the products A, B, and C 


Table XXXIV — radium amd its products 


Substance 

Atomic 
\\ eight 

Atomic 

Number 

Half period 

Emiss on 

Radium 

226 

88 

1600 years 

alpha 

Radon 

222 

86 

3 82 days 

alpha 

Rad um A 

218 

84 

3 0m ns 

alpha 

Radium B 

214 

82 

26 8 mms 

beta gamma 

Rad um C 

214 

83 

19 7 mi ns 

beta gamma 

Radium C * 

214 

84 

2 X 10-* sec 

alpha 

Radium D 

210 

82 

22 2 years 

beta, gamma 

Radium C 

214 

83 

19 7 mins 

alpha 

Radium C • 

210 

81 

1 32 mins 

beta gamma 

Rad um D 

210 

82 

22 2 years 

beta, gamma 

Radium E 

210 

83 


beta, gamma 

Radium F 
(polonium) 

210 

84 

139 S days 

alpha 

Radium G 
(lead) 

206 

82 

stable 



• It will be noted that rad um C ran d sintegrate by two different processes to form 
after two generations radium D Of all the atoms of rad um C which d sintegrate 
99 96 per cent gue birth to radium Cf and only 0 0+ per cent to radiu n C 


(3) It will be noted that radium itself gives off alpha rays only, although 
at the beginn ng of this chapter it has been stated that a radium salt gives off 
alpha, beta, and gamma rays There is no real contradiction, however, be- 
cause if a radium salt is scaled in a tube, disintegration is going on constantly 
and there is present in the tube a mixture of all the products From the infor- 
mation given m Table XXXIV, it will be seen that gamma rays are emitted 
by the products B and C The emission from B is so weak and so feebly 
penetrating that for all practical purposes, radium C is the source of the gamma 
rays used in therapy 

We have stated above tint, when radon is removed from a radium solution, 
maximum (gamma ray) activity is not reached for some five hours This is 
• In tuo monlbs the actual loss u about 0 007 


per rent 
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bccitise It til,es th-it length of tjmc before the maximum amounts of radium B 
and C arc obtained 

(4) The end product, radium G, is stable, being m fact nothing but ordi 
nar) lead In this connection, 1^ means of a little clementarj arithmetic, we 
can make a simple quantitatwc test During the successive changes which 
take place in the trinsformcttion from radium to sterile lead, a total of five 
alpha particles and four beta are emitted As far as the alpha partcles are 
concerned, this represents a reduction in mass of S X 4 or 20 units Since 
the mass of a beta particle is so small, we can neglect any change in mass due 
to it, except for aer^ special calculations Therefore, since the atomic weight 
of radium is 226, the atomic weight of lead should be 226 —20 or 206 
Mass spectrograph data show that Irad has an isotope of mass 206 in perfect 
agreement nith this calculated value Rut long before mass spectrograph 
data were obtained, Ht nigschmid in Vienna in 1914 measured chemicallj the 
atomic weight of lead oilaturJ from ptchilemie and the value he obtained 
was 206 05 * 

B) the use of atomic numberiy another numerical test maj be applied to 
radioactive transformations Since an alpha particle has a charge of 2 positive 
units, a loss of 5 particles means a reduct on in the total positive charge of 
10 units A beta particle, however, has a unit negative charge, and hence 
the loss of 4 beta rajs means a decreisc in total ftegoin/e charge of 4 units or 
a got» of 4 positive units The net result, therefore, of the loss of 5 alpha 
and 4 beta particles is a loss of 10 — 4 or 6 positive units Since the atomic 
number of radium is 88, it follows that the atomic number of lead should be 
88 — 6 or 82, as in fact it is 

(5) A glance at Table XXXIV shows that radium B, radium D, and 
radium G or lead have the same atomic number 82 Chemically therefore, 
these substances have the same properties, since the outer electronic system in an 
atom of each mu<t be the some Their atomic weights, however, are 214, 
210 and 206 Thej are, therefore, radioactnc isotopes of one and the same 
clement As a matter of fact, we owe the name isotopes to Soddy, the co- 
worker of Rutherford m the pioneer work on d smtegration, because it was 
this work which first revealed their existence 

178 The RHM and the Rutherford — E V Condon and L F 
CWTV&S Sii vV.c Natwtwi Bureau of Standards have suggested the adoption of 
two new units of rad oactivity 

(a) To measure the intensity of strength of a source, as jar as gamnn 

* Tiic student w 11 recaH ifut the ord iwy (cbem cal) ato r c «e "1 1 for lead .s 
207 2 71 IS JJ because It sa nurture of e\ eral isotopes 
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radiation ts concerned, the unit suggested is the r h m. (pronounced rum). 
By definition 1 r h m is the strength of i source of gamma radiation which 
produces a dose of 1 roentgen in 1 hour at a distance of 1 meter from the 
source 

If we recall that the dose at a distance of 1 cm from 1 mg of radium in 
1 hour is equal to 8 4 roentgens, we see that the dose from 1 gram of radium 
m 1 hour at a distance of 1 meter 

84 X lOOQ 
“ 100 * 

= 0 84 roentgen, 

since I gram = 1000 mg , and f meter = 100 cm. 

Therefore, to obtain a dose of 1 roentgen m 1 hour at a distance of 1 meter, 
we should need 1/0 8+ or 1 19 gm of radium Hence 1 19 gm radium 
(or 1 19 curie of radon) has a gamma ray strength of 1 r h m 
The author of this book can sec no great adsantage m using this new unit 
rather than to continue specifying the gamma intensity of in) radioactive 
source as the gamma ray equivalent of so many grams or milligrams of radium. 
Admittedly, howeter, the r h m unit is independent of any radioactive sub- 
stance and in that respect is fundamental 

(b) When a senes of radioactive products, like radium and its successive 
generatons, are in equilibrium, the following facts are of importance 

(i) The relative cquiiibnum amounts of any two products are directly 
proportional to their half-penods The amount of radium A, for example, 
with Its half period of 3 minutes, is many times less than the amount of 
radium D with its half period of 22 2 years 

(ii) When equilibrium has been attained, the actual number of atoms 
which disintegrate each second is the same for all products This follows 
at once since, when a product has its equihbnum amount, it must gam as 
many atoms as a result of disintegration of its parent substance as it loses 
because of its own d sintegration Hence the number of disintegrating atoms 
per second is an important number which can be used to desenbe the strength 
of a source For that reason, Condon and Curtiss have suggested the adop 
tion of a new unit, the rutherjord^ for describing the strength of any radio- 
active source, not, be it noted, ns gamma ray strength 

By definition, 1 rutherford, or 1 rd is Ae strength of a radioactive source 
for which the number of disintegratmg atoms per second is 10®, or 1 million 
Hence, 1 micro rutherford or I micro rd , corresponds to 1 disintegration 
per second 

By the use of counters, it has been found that in the ndmin famil ) , the 
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number of djsjntegrating atoms per 1 gram of radium per second is equal to 
3 7 X 10’®. Hence I grim of radium has a strength of 3 7 X 10’ rd Since 
I cunc IS the amount of radon m equibbnum with 1 gram of ndium, it 
follows that, if the curie is used as a general unit for estimating the strength 
of anj radioactive source, I cune corresponds to 3 7 X 10’ rd 

Obviousl), by the use of the rutherford, there is no need whatever to 
use the curie as a general unit for the strength of radioactive materials On 
the other hand, there is really no great objection to continuing to use it in 
the more general sense as long as tt is clearly understood that it then corre- 
sponds to 3 7 X 1 0*® disintegrations per second 

179. Artificial Transmutation — The whole storj of disintegration 
shows that nuclei of radioactive atoms are complex and unstable and strongly 
suggests the complexity of stable atoms If this 
13 true, It IS possible that a direct hit hy a heavy 
particle like an alpha ray might smash the nu- 
cleus of an atom into its const tuents Breaking 
up the atom m this way must not be confused 
with releasing some of the electrons surrounding 
the nucleus The removal of one or more of 
these extranuclcar electrons docs not destroy the 
atom, for subsequently other electrons are 
attracted by the ion and the atom returns to 
Its normal state Breaking up the nucleus is a 
different matter. It means a complete destruc- 
tion of the atom, and for rworeasonsJt >sa very 
difficult thing to do In the first place, it re- 
quires an enormous amount of energy, and in 
the second place, the nucleus roust be hit “ head 
on ” In some cases an alpha particle moving 
at high speed has the necessary amount of en- 
ergy, but the chance of it making a direct hit 
is extremely slight As the nucleus occupes about as much space m an atom 
as a fly in a cathedral, the last majonty of bombarding alpha panicles pass 
right through the atom leaving it mtact, except for the occasional removal 
of an outside electron 

Sometimes the approach to the nucleus is so near that the alpha ray is 
deflected to one side, and, at the same bate, the struck atom — or, more 
accurately, its nucleus — has energy communicated to it and moves off to the 
other side Figure 178, a doud-track photograph taken when alpha rays 
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fio 178 Scatienng ccHmou 
of an alpha part cTe with the 
nucleus of a helium atom 
The alpha ray travelling along 
the path marked a stnkes a 
hel um nucleus and is deflected 
to travel along one arm of the 
fork wh le the struck nucleus 
moves off along the other arm 
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were bombarding ordinary helium, provides an excellent example of this It 
will be noted that the tracks are straight lines for all but one of the particles 
\5 the photograph clearlj shows, the single exception ts marked by a forked 
track, one prong of which corresponds to the deflected path of the original 
alpha ra>, the other to the path of the struck helium nucleus 

Occasionally the bombarding particle strikes head-on, and the struck nucleus, 
if light as hydrogen, is shot ahead with high speed In one of the early experi- 
ments, for example, alpha rajs bombarded hj- 
drogen, and the protons which had been hit in 
this waj , were observed to cause scintillations on 
a screen placed far beyond the range of the 
original alpha particle 

And sometimes the alpha particle enters 
right into or coalesces uith the bombarded nu 
cleus, forming a new unstable atom which 
disintegrates A transmutation is then the re 
suit In 1919 Rutherford bombarded the gas 
nitrogen with alpha rays and obtained hjdrogen 
because of such a process This is then an ex 
ample of what we shall call artificial transmuta- 
tion, to distinguish it from the spontaneous 
natural transmutation of radioactive materials 
prV.SnS wtS The amount ol h)drogen manufactured v,ae 
long thin arm of the fork mark too small to be detected by chemical means, 

"S"* A' 'ff'" 

arm the path of an ejected was none the less real There was no doubt 
oxygen atom about U Protons or hj drogen nuclei were 

knocked out of nitrogen nuclei The process of obtaining bj drogen in this 
way was not very economical, for a mill on alpha particles had to be fired 
to give one direct hit, and so to form one atom of hydrogen But it was not 
the quant ty of hjdrogen evolved that mattered, rather the fact that a direct 
proof had been given that protons existed m the nuclei of nitrogen atoms 
Within a few years it was shown that protons could be knocked out of many 
other atoms as well, and the view that all nuclei are composed of electrons 
md protons became widely held In the light of subsequent work, some of 
which will be given in Chapter XVI th s view had to be altered 

Later we shall show that when an alpha particle interacts with a nitrogen 
nucleus with the emission of a proton, an oxygen atom is also formed A 
cloud track photograph of this transformation taken a number of years after 
Rutherford’s classic experiment, is shown in Fig 1 79 In this photograph note 



Fio 179 Dis ntegrauon collision 
of an alpha particle with a n cro 
gen atom The alpha particle 
travell ng along the path marked 
i collides with a nitrogen nu 
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the fork at the end of one of the alpha ray tracks The long, thin “ streak ” 
forming one arm of the fork, corresponds to the proton path, the much 
shorter and somewhat irregular second arm, to the track of the oxygen atom 


180 Protection — As wthx-rajs, sowilhndium, mshighlj important 
to protect from possible senous injury all who work with radium m any 
capacitj If a radium preparation re carelesslj handled, beta ra>s may injure 
the hinds to such an extent that cancer ultimately develops “ Ten milli- 
grams of radium, or ten millicunes of radon, in a small tube thin enough to 
permit the escape of most of the beta-rays, at a distance of 3 mm from the 
<km, will deliver enough radiation to produce a sharp reaction m 10 minutes 
exposure” (Quimby) For that reason, to quote from the 1937 International 
Recommendations, “ the radnim should be manipulated with long handled 
forceps, and should be earned from place to place m long handled boxes, lined 
on all sides with at least one centimeter of lend ” 


Gamma rays may also have important injurious general effects, and an 
adeejuate thickness of a protective material like lead should be used More- 
over, care should he exercised that a worker re shielded not only from the direct 
beam, but from scattered rays is well 

There are dangers from even extremely small amounts of radioactive 
material unless rigid precautions ire tiken For example, in the past, radium 
poisoning has occurred among industrial workers engaged m radium dial 
pimting In an excellent article* by Robley D Evans of the Massachusetts 
Institute of Technology, attention re directed to a case of radium poisoning, 
in winch “no clinical symptoms were observed until eight years after the 
termination of a five-year exposure as a radium dial painter ” The danger 
of such cases occurring at the present time re slight because of rigid hygienic 
and other measures which are observed, but dangers are ever present wherever 
personnel are handling radioactive niatcriali, and precauuons cannot be too 


rigid 
In an 


ippcndix the recommendations for x-ray and rad um protection are 


181. Other Radioactive Families — In Table XXXIV we hue 
listed the various members of the ndium family These, however, are by no 
means the only radioictive substances which occur in Nature Radium itself 
IS a descendant through seven! generations of uranium I, a radioictive element 
of atomic number 92, atomic weight 238, with a half period somewhat less 
* ■■ Protection of Radium Dial Workers and Radiologists from Injurs in Raci om 

Journ-il of Industrial Hvgene and Toxcology Vol 35, Sept 19+3 
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than 5 X 10® >cars. Uranium II, the 234 isotope, with Inif-penod 2.7 X 
10'' years, occurs m this vime family Both these iscitopcs of uranium emit 
alpha rays The third isotope, the 235 tanety, occurs m another family 
called the actinium series, and is also an alpha ray emitter with a half-penod 
of 7 X 10® years 1 he half-penods of all three isotopes of iinniiim arc so 
extremely long that for many purposes, this clement may he considered stable. 

A third family consists of thorium products 

One of the members of this family is mesothonum, .a sul«tincc which with 
an atomic number of 88, is an isotope of radium h’or that reason, if radium 
and mesothonum are present m the ore from which radium is extracted, it is 
not possible to separate them by ordinary chemical means, and sometimes 
radium salts contain mesothonum as an impunty. This is not desirable, 
because, although mesothonum emits gamma rays, its aciivaty decreases about 
10 per cent in a year, unlike radium which, as we have seen, remains sensibly 
constant. 


PROBLEMS AND QUESTIONS 

1 Explain the meaning of “ millieunc of radium emanation ” 

2 What radiation! are gnen off from a tulw of radium emanation enclo«rd in a tulie 
of platinum 0 S mm thick= 

3 If at a certain time you were prosideil nuh 100 millicunea of radium emanatmn, 
how much would you base after 4$ hour»> Am 69 7 me 

4 A radium emanation tube sent from New ^<ltL to Kingston had a strength of 100 
millicurie* when ii left New \otk (i)\\hat is its strength when uied in Kingston for 
treatment 48 houri later’ (it) After what time ssill its strength be SO millicunes’ 
(in) After what approximate time s»ill a 10 milligram lube of radium salt fall to 
half value’ Am (i) 69 7 me (ii) 3 82 days (ni) 1600 yTan 

5 The same type of curve is obtained when the decrease in the activity of radon is 
plotted against time as when the decrease in the intensity of a homogeneous beam of 
X rays is plotted aga nst the thickness of an absorb ng layer of matter Indicate the 
general nature of this curve, explaining the law which defines it 

6 On a certain day a rad urn emanation tube causes the leaf of an electto«cope to fall 
at the rate of 60 divisions per minute Host fast will the same tube (at the same place) 
cause the leaf to fall (i) after 24 hours, (it) after 48 hours’ Am (i) 50 I (ii) 41 8 

7 If all the radon is collected every second day from 1 gram of radium, find the 
strength in millicunes of the amount collected, on the dav collection is made Am 
303 me 

8 One tenth gram of radium is left standmg in solution for at least a month The 
accumulated radium emanation is then drawn off each day for three successive days, and 
each day sealed in a single tube Find the strength of the three tubes on the third day 
Am 69 7 me , 16 5 me , 13 8 me 

9 If a gram of radium was the toul amount m an emanation plant, what is the 
maximum number of 20 millicnne tubes which could be obtained from this plant at one 
time’ (ii) About how long would it be necessary to wa l before collecting the emanation 
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to obtain this maximum number^ (m) What nould be the strength of one of the 20 me 
tubes 24 hours after it is as removed from the plant^ 

ID A radium emanation plam> with I gram of radium in solution, has ail the active 
gas removed on a certain day Work out hovv many smUicuries could be taken from the 
plant on the next removal vvhich takes place after an interval of three dijs Arts 41 i me 

1 1 Radium D has an atomic number of 82 and an atomic weight of 2 10 On emit 
ting beta and gamma rajs it changes into radium E, which in its turn also emits beta and 
gamma rays, changing into polonium Finally polonium emits alpha rays, changing 
into lead Show that lead and radium D are isotopes and find, from the above data, 
the atomic weight of lead 

12 The atomic weight of radium is 226, and its atomic number is 8E If the final 
stable product after the successive transformations of radium is lead, of atomic weight 
206 and atomic number 82, find the total number of (i) alpha particles emitted, (ii) beta 
particles, by the time a s ngle radium atom ha* turned into an atom of lead 

11 (a) A radioactive substance A of atomic nutnbet 92 changes into B of atomic 
number S4 after a tenet of successive transformations If m the process a total of 7 
alpha rays arc emitted, find the total number of beta rays emitted 

14 Radon is drawn off regularly every second day from an emanation plant contain 
ing JOO mg of radium m solution Find the maximum amount (m millicunes) of radon 
which the plant can distribute every second day 

15 A small tumor is treated for SO hours with gamma rays by 20 mg of radtuin in 
a needle If the tumor is an average distance of J cm from the needle, estimate the dose 
in roentgens, without correction for absorption Airf lOOOr 

16 If radon it collected every day in an tmananon plant containing 3 gram* of 
radium, nhat is the maximum number of miJIicunes obtained earh day* 

17 A radioactive material decays according to a simple exponent al law If in 1 
minute It* radioactivity decreased by 1 0 per cent, find ju half period by plotting a graph, 
01 in any way you like Ant 6 S roios 


CHAPTER XV 


PRODUCTION OF HIGH VOLTAGE PART II 

SUPERVOLTAGE TUBES AND HIGH SPEED PARTICLES 

182 Importance of Supervoltage — Dunng the last decade, the con 
struction of supervoltage machines has placed an important part in the develop- 
ment of radiology phjsics In Chapter II only a passing reference was made 
to this work, because it was considered advisable to defer the discussion until 
the reasons for using supervoliages could be made clear Let us now examine 
some of them 

(1) From the relation 

shortest wave length = » 

maximum voltage 

we see at once that the higher the voltage across a tube, the shorter the min- 
imum wave length in the continuous x-ray spectrum With a million volts, 
for example, the shortest wave length is about 0 012 angstrom The wave 
^length of maximum intensit) in the continuous spectrum is> of course, some- 
what longer than this 

Obvious!}, then, by using supervoltages, extremel} penetrating beams of 
ra)s can be obtained Now there is some evidence, although it is b) no means 
conclusive, that extremel) short wave lengths are preferable to longer ones 
for biological reasons In any case it is desirable to examine carefully the 
effects of as wide a range of wave lengths as can be obtained 

Moreover, the more penetrating the x-raj team, the greater the percentage 
depth dose, that is, the greater the percentage of the surface dose delivered 
to deep seated tissue (See again, secuon 160 ) 

(2) The intensit) of a beam of x rays increases steadily with increasing 
tube \oltage, hence ultrahigh intensities may be obtained with supervoltage 
machines 

(3) With sufficiently high voltages (aboui^fso million), wave lengths 
comparable with those of gamma rays from radium C ma) be obtained 

Uread) it has,been demonstrated that x-rajs, the equivalent of nature’s 
"amma ra)s, can be obtained from a single tube, with intensit) comparable 
with that of a radmm source of 1000 grams 
^ • 252 
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f4) B} means of supervoltages extremely high speed cathode and positive 
rajs can be obtained With such partides transmutation expenments can be 
larned out avith results of great importance in the field of radoiogy For 
example, ose shall see in the next chapter that bj such means arnficial radio 
active materials can be manufactured 

The fact that million vedt \-ray outfits arc in operation in such centers as 
the Memorial Hospital, New 
'i ork, the Huntington Memorial, 

Boston, and St Bartholomew’s 
Hospital, London, is ample evi- 
dence of the importance of super- 
voltage in radiology 

A number of different methods 
base been used for the develop- 
ment of superioltages Some of 
them art simplcm principle, some 
are engineering jobs on a large 
scale In the following sections 
w e shall examine briefly the mam 
features of the more important 
methods 

183 The Induction Coil 

— Some years ago the General 
Electric ccmscructed a special in- 
duction coii which could be run 

cnniinuously at 700 000 volts am.-wao,.™ 

ThtS tttS ostd (or two or throe .„.geme»t of reet.fr.eg velre. 

years at the Memorial Hospital, and condensers m a cascade generamr 

hut interrupter troubles create 

difficulties in connection with induction coiL, and it is not likely that much 
use will ever be made of them for supervollagc work 

184 The Cascade Generator — In tbs type, as developed by the 
Phil ps’ Laboratones and the General Electnc Corporation use is made of a 
combination of condenser and recti^ing valve units similar to those used in 
the Villard and Greinacher rectifying cmruits (Sections 79 and 80 ) An 
arrangement utilized in a Philps’ generator of this sort, capable of dc\elopinir 
800 000 volts, IS shown in the diagram of Fig J80 In this figure tt will 
be noted that the circuit Bi4C,V,D is similar to the Villard circuit of Fig 91, 
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except that only one rectifying valve and one condenser is used By adding 
successive condenser-valve units in the manner shown in the figure, the original 
E M F developed in the secondary AB of the high tension transformer may 
be so multipl ed, that terminal T is raised to a high positive potential, Ti to 
an equally high negative In the generator represented in this figure, with 
a transformer voltage of only 100,000 volts T becomes *|'400,000 volts, 
Ti — 400,000 volts hence between the terminals there is a f D of 800,000 
volts The photograph reproduced m Fig 181 shows the actual appearance 
of this generator or one similar to it, whose total height is some 8 feet 



Making use of the same principle, the Philips’ Company constructed a much 
larger generator for the Cavendish Laboratory, Cambridge, England This 
machine, which has a total height of about 17 feet, develops 1,250,000 volts, 
although only 120,000 volts is necessary m the secondary of the transformer 
Figure 182 shows the actual appearance of this generator In this figure the 
generator proper with its zig-Tagging valves is seen on the left The double 
column on the nght contains an extremely high resistance which is used in the 
measurement of the actual voltage developed by the method described m 
sections 27 and 186 The honzontal piece at the top of the photograph is a 
damping resistance by means of which electrical connection is made to the 
top of the measuring resistance (as shown) and to the x ray tube (not shown) 
Figure 183 IS a photograph of the negative end of a 4,000,000 volt gen- 
erator used m the Philips’ Laboratory at Emdhoven, Holland An added fea- 
ture in this photograph is the huge sphere gap, used for taking voltage 
measurements (see section 23) 



VAN Dn GRAAFF ELECTROSTATIC GENERATOR 255 

In all supenoltagc g.ntralois Impla room must be kit katwtcn the h.eh 
Icnsnti terminals iml the ceilmg or other groumlcd places, otherwise “Bash- 
overs ufll take place 



Csvrutt PMtpr cnrtetf phlUpt ClotUampemirUtm 

Ftc IS2 A t, 2 S 0 /KIQ vck C4$ca<ie F«c 183 The negative end of a 
generator <,000000 volt cascade generator 


185 Van de GraafF Electrostatic Generator.— A generator much 
simpler m pnrtcjpJe thin the ciscaJe tjpe md much cheaper to construct has 
been developed dunng the last decade The first machine of this t)pe was 
the invention of Van de GraafT, who made use of fundamental ideas dis- 
cussed m elcmentar) classes m electrostatics 

The student is asked to recall two of these (1) An electric charge given 
to a hollow conductor goes to the outer surface, the potential at all points, 
w ithin such a conductor being the same (2) An insulated charged conductor 
loses Its charge if ^ pointed conductor »s in contact with it, or, conterself, an 
uncharged insulated conductor, with a sharp point attnehed to it, will pick 
off a charge from a charged bodj placed near the point In the first case, we 
sometimes state that the charge "slips off” the point Actually, the charge 
accumulates on the point to such an extent that the resulting electric field in 
the air near the point is great enough to ionize the air If the point is nega- 
tive!) charged, positive urns move towards it and annul its charge, thus leaving 
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negative ions n the surrounding region Similarly, before a point picks off a 
charge, there is ionization between it and the neighboring charged body 

To understand the way in which these ideas are utilized in the Van de 
Graaff generator, a bnef description is given of a comparatively small machine, 



cmmai/j a miinp 


Fic 184 A Van lie flriaff gfnentoT capable of develop ng 1,000,000 volts or more 

designed h 5 J G Trump and R J Van de Graaff, of the Massachusetts 
Institute of Technolog) The general appearance of one generator of this 
kind, capable of developing -i mill on volts or more, is shown m Fig 184 
1 he important details of the construction of a 500,000 volt generator ma) be 
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mderstood by reference to Fig. 1 85 An clectnc charge is accumulated on a 
hollow, insulated conductor C, some thirty inches in diameter, and twelie 
inches high, which stands on the top of an insulating column over three feet 
long and twelve inches m diameter The column rests on a supporting base 
in contact with ground. 

Within the base, there is a small transformer-rectifier unit so arranged that 
.a negative charge slips off a row of points, one of which is represented by a in 
the diagram These points are 
about one quarter inch from a 
grounded pulley revolved by a 
motor also housed within the base 
A three-plj rubber fabric, making 
an endless belt about ten inches 
wide, passes around this pulley 
and n second umdated pulley, 
placed inside the insulated con- 
ductor at the top of the generator. 

When the machine i» m opera- 
tion, the motor keeps the bell 
moving at the rate of 5000 ft. 
per minute. A collector rod with 
points at h and at r is attached to 
the upper insulated pulley. 

The action of the generator 
IS somewhat as follows. As the 
left-hand side of the belt goes up 
with Its negative charge, negatne 
electricity is picked off at i Most 
cf this slips ofF at a gome to the 
outside of the terminal, but some 

goes to the insulated pulley. Since this is srtuited inside a hollow conductor 
normall) its potential would be the same as that of the conductor, but when a 
free charge of the same kind is thus added to ii, its (negative) potential be- 
comes higher than that of the terminal conductor Hence, when a row of 
pointed conductors is attached to the inside of the terminal, as represented at d, 
the higher negative potennal of the pulley causes an escape of positive clectncit) 
from these points. This escape of positive (I) still further increases the 
negative charge on the terminal, (2) annuls any negative left on the upnsm" 
belt, and (3) puts a positive charge on the downward belt At the bottom 
of Its downward pith, ibe positive b annulled by the spray me action of the dis 
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negative ions in the surrounding region. Simihrl), before n point picks off a 
charge, there is ionization between it and the neighboring charged bod) . 

To understand the wa) in which these ideas are utilized in the Van de 
Graaff generator, a brief description is given of a comparative!) small machine, 



designed by J G Trump and R J Van de Graaff, of the Massachusetts 
Institute of Technology The general appearance of one generator of this 
kind, capable of developing a million volts or more, is shown in Fig 184 
The important details of the construction of a 500,000 volt generator ma) be 
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understood by reference to Fig 185 An eJectnc charge is iccuinuhted on a 
hollow, insulated conductor C, some thirt) inches m diameter, and twehe 
inches high, which stands on the top of an insulating column over three feet 
long and twelve inches in diameter TTie column rests on a supporting base 
in contact with ground. 

Wnhin the base, there is a small transformer-rectifier unit so arranged that 
a negative charge slips off a row of points, one of which is represented by a in 
the diagram These po nts are 


about one quarter inch from a 
grounded pulley revolved by a 
motor also housed within the base 
A three-ply rubber fahne, making 
nn endless belt about ten inches 
wide, passes around this pulley 
and a second insulated pulley, 
placed inside the insulated con- 
ductor at the top of the generator 
When the machine is in opera- 
tion, the motor keeps the belt 
moving at the rate of 5000 ft 
per minute A collector rod with 
points at and at c is attached to 
the upper insulated pulley 

The action of the generator 
IS somewhat as follows As the 
left-hand side of the belt goes up 
ivjth its negative charge, negative 
electncity is picked off at 6 Ufost 
of this si ps off at c going to the 
outside of the terminal but some 
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Fro 185 Outline d agram of small 5 an eJe Granff 
generator 


goes to the insulated pulley Since this is situated inside a hollow conductor 
normally its potential would be the same as that of the conductor, but when a 
free charge of the same kind is thus added to it, its (negative) potential be- 
comes higher than that of the terminal conductor Hence, when a row of 
pointed conductors is attached to theinsde of the terminal, as represented at d, 
the higher negative potential of the pulley causes an escape of positive electnciti 
from these points This escape of positive (I) still further increases the 
negative charee on the lermiml, (2) annuls any negative left on the upnsm'^ 
belt, and (3) puts a positive chaise on ffie downward belt At the bottom 
of Its downward path, the positive is annulled by the sprat ing action of the dis 
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voltige of about a Jiulbon and a half tolts, then causes a current of about 
I ma through this resistance Bj means of an electrostatic voltmeter, with 
a range up to 1500 tolts, the potential difference across I/IOOO of the resist 
ance is read directly off this instrument placed on the control panel of the 
machine 

(4) Gojerafing VoUmet^r — An entirelj different method uhich is being 
successful!) used for supervoltages, makes use of a simple fundamental idea. 
The student will recall that, when an uncharged insulited conductor, such as 
BC, Fig 186, IS placed in the clcctnc ffeld near a chargfd conductor A, 
induced charges appear at the opposite ends of the uncharged conductor If 


(T -) 

B C 

Fiq 186 Induced ehir{,es of opjMs te 
sign appear at the ends of an un 
charged conductor pUced in the field 
of a charged conductor 

A has a negative charge, the induced charge at the near end B « positive, it 
the far end, negative (If the conductor BC is grounded, the end B will 
stiU be positive, and negative will go to earth ) 

Now suppose that a grounded metallic disc 2), cut as shown m Fig 187^, 
so that nearly one half is removed b placed between the conductors A and 
iSC, as shown m Fig I87<r, and rap dly revolved It should be evident that, 
when the open part of the disc » opposite the end B, the conductor BC is under 
the influence of the charge on A and so induced charges appear as before 
But, M hen the uncut half of the grounded disc is m front of B, BC is shielded 
from the field of A, and hence dunng th-it interval this conductor returns to 
its normal state Snee the disc is in rapid revolution, it follows that there 
will be 1 surging to and fro of clectnc charges, that is, an alternating current 
whose frequenc) is controlled by the speed of the disc Moreover, the greater 
the potential of A, the greater the intensity of the electric field causing the 
movement of the charges, and the greater the magnitude of this aftermting 
current Hence, if we can measure the strength of this current, we are 
provided with a means of mcasunngalso the potential of A 

In generntmg zoltmfters this pnncple has been utilized as a sitisfactor) 
means of measuring supervoltages As an evimple of the wij in which the 




a b 


Fio 187 A to-and fro movement of charges 
takes place in the conductor BC when the disc 
D IS rotated 
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principle is applied, a brief description is given of the essential features of an 
instrument of this kind recently described b> Trump, Safford, md Van de 
Graaff, and used by them for the measurement of voltages, as high as a 
million and a half, generated by their high pressure electrostatic generator 
Suppose the end C of the conductor BC is joined, as illustrated in Fig 188, 
to a point between the plate and the filament of two rectifying valves (Actu- 
ally a double diode valve is all that is necessary ) Then, when B is not 
shielded and A is negative, electrons flow from the end B through the valve 
V 2 to ground at Gi, leaving the end 



0 


Fie 188 When the d sc D 
an intermittent but unid ret 
through the m croammeter A/ 


B positive When B is shielded, 
electrons cannot cross valve F- to 
annul the positive charge, but they 
can cross valve Fj, flowing from 
ground at Gj, through M, a cur- 
rent-measuring instrument such as 
a microammeter Through this 
instrument, therefore, there is an 
intermittent, but unidirectional 
dly revolved current which, if the disc D re- 
onai current flow* volves quickly enough, is recorded 
as having in average mean value 
The arrangement actually used is not quite so simple as that shown in 
Fig 188 Since theory shows that the current through the microammeter is 
proportional to the frequency of the rotating disc, this is made with four 
sectors, equal m are-i and equally spaced (not unlike a Maltese cross) and 
the end B directly behind the dsc, consists of eight brass sectors mounted on a 
Textnhte ring Alternate sectors (of B) are electrically joined to form two 
sets of four each, and eocA set is joined to a separate double diode tube In 
this waj one set of four is shielded when the other set is not, and by a simple 
extension of the means illustnted in Fig 188, “ substanlnlly constant rectified 
current flows m the microammeter arcu t ” In the actual instrument, 
the connection similar to B of Fig 188 is a long shielded conductor and the 
microammeter is mounted on a panel fifty feet from the electrostatic generator 
riic scale IS calibntcd, md siipervoltige read directl) from tlie instrument 


187. Supervoltage Tubes — The problem of building tubes capable 
of operation on voltages of a million or more presents many difficulties The 
msulition must be so good that there is no dinger of spirk over on the outside 
of the tube Itself Care must be exeraied to guird iffunst 1 disch-ir.rc in the 
tube c\en with 1 cold filament, because once in electric field reaches 1 certain 
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value electrons can be pulled out of a cold meul A good vacuum must be 
maintained m a tube, frequentlj of such large dimensions that vacuum pumps 
have to be in continuous use Then, too, there arc the added precautions 
neccssarj to protect both operator and patient from the dangers of electrical 
shock and from powerful beams of verj penetrating rays 

The different ways in which these and other difficulties have been over- 
come will be understood from the following bnef description of a few repre- 
sentative supervciltage tubes 

The General Electric Company has constructed, ilong more or less standard 
lines, a sealed-off tube, some five feet long, which ts capable of operation on 
400,000 volts In this tube, by placing the target near the inner end of a 
long hollow copper cylinder, elec- 
trons are prevented from bounemg 
off the target and charging the 
inner surface of the walls of the 
tube, one of the common causes 
of tube puncture The envelope 
Itself, one quarter of an inch thick, 

IS made of borosilicate glass, a 
maienal with high dielectric or 

strength P'® 8COOOO volt * ray tube of the 

_ ® , 1 , , . itiult sect on type 

For much higher voltages, this 

firm has constructed mulcisection tubes, that is, tubes consisting of a num- 
ber of glass cylinders separated by metal rings S nee the metal used is an 
alloy vvirh the same coefficient of etpansion as the glass, vacuum tight 
seals cm be made The metal rings are attached m electrodes extending 
inside the tube By the use of these intermediate electrodes the total voltage 
between the filament md the target is subdivided, and, " the metal cylinders 
exert a focussing action on the electron beam and protect the glass from 
bombardment ” (Read) 

Figure 189, adapted from an lUustration m an article by J Read in the 
British Journal of Radiology, represents a large 800,000 volt tube of the 
miilnsection type built by the General Electric Company for the Swedish 
Hospital, Seattle It will be noticed that the vdtage across each secnon is 
only 200,000, and that the target is at ground potential The whole tube 
lies outside the fnrafrnenc room which is heavH} iRsuhtsd agawsf penetrating 
rays except for the window through which they pass to the patient 

Another General Electric tube of the multisection type consists of ten 
sectinni, IS 28 ft 6 in long, md is nWc to carry 10 mi at 1,400,000 lolts 
In most of the siipervoltase tubes, the necessary low pressure has to be 
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maintained by the contnuous operation of exhaust pumps The Philips 
Company, however, have utilized successfully the raultisection principle m the 
construcuon of sealed-off tubes capable of withstanding supervoltages In 
the Philips tubes each unit has glass ends of the re entrant type, somewhat 
as used in the ordinary metalix tube. Fig 60, and the units are connected by 
soldering external metal pieces at adjacent ends after each unit has been 
separately evacuated Connection between the units is subsequently made by 
the electron beam itself, which perforates thin pieces 
of metal foil covering the central parts of the metal 
electrodes A two unt tube of this tjpe has been 
constructed capable of operation on 700,000 volts, 
and a three-unit tube, 64 feet long, is capable of 
continuous operation with 1 or 2 ma , at 1,000,000 
volts 

A mill on volt tube of an entirely different con- 
struction, developed at the Massachusetts Institute 
of Technology m connection with an electrostatic 
generator, is m use at the Huntington Memorial 
Hospital of the Harvard Medical School The gen 
eral appearance of ths tube is shown in Fig 190 
(See also Fig 1 84 ) Insulation is provided by using 
a ten foot column of twenty porcelain sections resting 
on a grounded steel flinge at floor level Below 
the flange, a steel cylinder which forms the lower 
end of the x ray tube, continues into the treatment 
room, as shown in Fig 191 Electrons from a 
filament at the top of the tube are guided down 
the tube by clectrostitic lenses, placed between 
each porcelain sector, until they strike the water- 
cooled lead target sixteen feet below ‘ The target cons sts of a copper cup 
on the inside of wh ch a 15 mil lead coating has been electroplated, the cup 
being cooled by a water jacket The target is at ground potential but insulated 
from the tube extension, so that the current to the nrget can be read on a 
milliammeter at the control panel The x-rays utilized in treatment are those 
transmitted downward through the target and water-cooling jacket ” 
(Trump and Van de GraafT ) 

By way of contrast to this tube, a bnef reference is made to one made by 
Metropolitan Vickers for use in the Mozellc Sasson High Voltage X-Ray 
Therap) Department, at St Bartholomew’s Hospital, London This tube 
thirt) feet lon-^ and wemhmg ten tons extends hon 7 ontally through three 



Fio 190 The mill on 
volt X ray tube in the 
Hunt ngton Memorial 
Hosp tal of the Har 
vard Med cal School 




THE CYCLOTRON 


261 


rooms In the first room a generator can mi main the cathode at a net,ative 
potential of 500,000 volts or more The central part of the tube, a grounded 
steel cylinder containing the water-cooled gold target, lies m the middle or 
treatment room Since n the third room a second genentor can maintain 
the anode at a positive potential of 500,000 
volts, potentiils of at least 1,000,000 can be 
applied to the tube The anode and cathode 
ends are separated from the middle port on 
by porcelain insulitors, each five feet long, 
and elaborate precautions art taken to pro- 
vide adequate protection from the rajs In 
this connection ue quote from a booklet de- 
scnbing this installation *‘The position 
within the treatment room, that is, the cen 
tral twelve feet, is surrounded by a protective 
sheath, consisting of a six-mch la)er of close- 
packed lead shot, enclosed between two coax- 
ial steel cylinders An aperture in this sheath 
allows the transmisson of the x ray beam 
The protective sheath in its turn is surrounded 
by a steel cjlnder which carries the filters, 
diaphragms, and apphearors for defining the 
x-ray beam The protective sheath and 
applicator cjlinder can be rotated mdepen 
dcntly of each other In this wa> it is possible 
to direct the beam of s rtys at will, either 
through tiie sppi cator towards the patient or 
into an absorb ng lead saddle, s x inches th ck, 
suspended iminediafely above the tube Thus, 
the port on of the x ray tube within the 
treatment room is both shock proof and ray- 
proof ” '* “ 

Fro 191 The lower en 1 of the 
mill on vole x ray tube shown in 

188 High Speed Particles The Hg 190 
Cyclotron — In sect on J 79 Jt was shown 

that by bombarding nitrogen with alpha particles, both hjdrogen and oxj 
gen can be manufactured The process is not very efficient because a direct 
hit between the nucleus of a nitrozen atom and the bombarding alpha 
particle must take place and the chances of this are only about one m a million 
The results of this and similar bombarding expenments are so important, how- 



264 PRODUCIION 01 HIGH VOL 1 AGE 

ever both in physics and m radiology, that ways and means have been sought 
of supplementing the limited supply of alpha particles by other high speed 
projectiles This can be done in two important wa)S 

(1) B> speeding up positive ions with supervoltages As we have alread) 
emphasized, the greater the potential difference through which a charged par- 
ticle falls the greater the kinetic energy which it acquires The high voltage 
generators we have been describing, therefore, are sometimes used to accel 
erate ions along suitably constructed tubes At the end of their journey 
these ions may he used to bombard materials 




b 
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Fio 192 A and B represent the D s or dees of a cyclotron An ion ong nattng at F smrals 
around and around until t emerges through a thin window IV with very h gh speed 



(2) By the use of a cyclotron Since this is a method which has been 
developed with great success and since its use has led to results of great impor- 
tance in radiology, its bas c principles will be desenbed somewhat in detail 
Fundamentally, the method employed m the cyclotron consists in giving an 
ion at regular intervals a succession of low voltage pushes until it acquires the 
speed equivalent to a high voltage The ion, after moving at a low speed 
through a half circle of small radius receives a push which sends it on at greater 
speed in a half circle of larger radius, at the end of the second half-circle, 
receiving another push it goes off moving still more quickly in a still greater 
half circle The process cont nues, half arcles being executed at greater and 
greater speeds and with greater and greater radii until after a few hundred or 
more revolutions, the ion is moving so quicldy that its energy is the same as if 
It has fallen through a potential difference of a few million volts In Fig 
192«, the curved dotted line represents a few turns of the spiral path of such 
an ion 

For the satisfactory operation of such a scheme, two things are necessary 
(1) The ions must be made to move in arcular paths, and (2) the pushes must 
be properly timed The first condtion is easily realized by an application of 
the motor principle to which a somewhat general reference was made in 
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connection with the deflection, by a magnetic field, of cathode rajs (sections 
34 and 35), positive raj's (section 43) and alpha particles (section 167) Let 
us examine this deflection a little more carefully 



Fig 193 The wire when carry ng a current and ly ng in a direction 
at right angles to a magnet c field is acwd on by the force at nght angles 
W the wire and to the field 


According to the motor principle, when a wire such as /iB, Fig 193, 
carries a current and lies in a direction at right angles to a magnetic field 
(represented by the lines with arrows) it is acted on by a mechanical force m 
a direction perpendicular to both the wire and 
the magnetic lines In Fig 193, if the current, 
that IS, the direction of positive flow, is from 
/f to 5, the force on the wire is in the direction 
represented by S 

Sow a current is nothing but a flow of 
charges, hence a stream of any kind of elec* 
trifled particles, whether cathode raj's or positive 
ions, constitutes a current If, as in Fig 194, 

(7U represents the path of a stream of positive 
ions, there is a current in the direction CD 
If, therefore, a magnetic field exists with lines 
running at nght angles to the direction of mo- 
tion of the ions a mechanical force must act 
on the ions Since this force is always perpen- 
dicular to both the field and the current, it is not difficult to see that the ion 
path must be curved as m Fig 194 If the field is uniform and the speed 
of the ions constant, the curve is the art of a circle 

Again, for ions moving at constant speed, the magnitude of the mechanical 
force is directly proport iml 1 1 the strength of tlw magnetic field It follows 
that the stronger the field, the more curved the path of the mn On the 
other hand if the magnetic field is kept constant slowlj moving ions are 



FtC 194 PirtTcJes carry ne a 
positive charge when iraveTl ng 
in a direction CO at nght angles 
to a magnet c field are subjected 
to forces F wh ch make the 
particles move in the arc of a 
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deflected more readil) thin fast ones • The curved paths of electrified 
particles are beautifully illustrated hy cloud-track expansion chamber photo- 
graphs Suppose that HKLM Fig 1 95o represents a cross section of a cloud- 
track chamber placed in the strong uniform magnetic field represented hy the 
dotted lines If a photograph is raken when an ionizing particle IS moving 
along CD, the trail of ions will be curved, some- 
H , what as shown m the top View, Fig 195^ Actual 

photographs showing this are reproduced m Fig 
196 and Fig 197 In Fig 197 note (l)the 
closed arclcs which indicate the presence of very 
s]oi\l} moving particles, (2) the much less 
curved tracks, which indicate faster ions The 
two opposite curvatures of the trails of the faster 
ions provide evidence of both positive and negi- 
K tive particles (See section 199 ) 

The circular trail m the lower half of Fig 
196 shows clearly how, by the application of a 
suitable magnetic field, it is possible to make 
electrified particles move in circles To deflect 
particles of atomic size strong magnetic fields 
'^'Sh.mhn Iht p’ th a ntcessar) and the construction of a sufficiently 
charged particle in a magneiK powerful electromagnet for a good cyclotron is 
e ma) e revea e ^ Here ire a few details about 

the magnet used in the cyclotron illustrated in Fig 198, one of the earlier in- 
struments built under the direction of E O Lawrence of the University of 
California The pole fices ire over two feet in diameter “ The total weight 
of the magnetic circuit consisting of seven sections of cast steel is about 

65 tons ’ The copper coils carrying the current which magnetizes the iron 
weigh about nine tons and arc immersed m oil The large drum-hke pieces 
»hown in the photograph represent the outer casing surrounding these coils 
To make sure that the ions whirl around after the manner depicted m 
Fig 192, the arrangement must be such that after the completion of each 
hiH-circle, an ion receives a push making it go a little faster in the next half- 
• A particle with charge t and velocity v » equivalent to a current ev Application 
of the motor principle ihowf that the mechanical force deflecting the particle i5 llev, 
where // n the intent t) of the magnetic ficl I Since, when a particle of mas* m moves 
with conjtant velocity o in a circle of ndius r, the centripetal force is vee mi) 

write — — /fr-orr — — • Hence the smaller i, the smaller r or the more cuned 



the path 
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marked A and B rn Fig 192 a potential difference of several tl.ousand tolls 
which alternates ironi A positive and B negative to the reverse, a few million 
times a second In the actual instrnment A and B are hollow stinicirciilar 
boxes frequently called D s or dees somewhat as shown in 1 Ig 1 92(1, which 
he in the region between the pole pieces of the powerful magnet In Fig 198, 
the pos t on of the dees is clearlj shown right at the center of tile photo_riph 
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Fio 198 A V ew of one of the cyclotrons constructed under the d rect on of E O Lawrence 


Figures 199 and 200 reproduced thro\ gh the ki idness of W J Henderson 
are photographs of the dees used in a cyclotron constructed m the Ph}scs 
Department of Purdue Universtj 

When the machine is in use the air is exhausted from the boxes, a little 
gas such as hydrogen is allowed m at low pressure, and ions are created at the 
center by some such device as a heated filament The value of the magnetic 
field and the frequency of the osallating electric circuit are so chosen that 
during the t me of a reversal of voltage between A and B the ion to be speeded 
up moves through exactly half a circle Whenever therefore, an ion is 
pushed from yf to B on the nght sde of the box m the next half c)cle it will 
be pi shed from B to A on the left and so continue on its circular motion in 
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paths which ever widen Jiecinse of the increase in speed each half revolution 
Just before the sides of the boxnre reached, the ions pass through a window into 
nn ohservntion chamber. 



C»u«»4» IT J Hatiertn 

Fio 199 The dees in the Purdue UmverstycycJgtron 


Sometimes the ions emerge through a thin metal window into the surround- 
ing atr. When this is the case fhej stoke the molecules of the air and cause 
them to emit light of a lavender color The path of the ionic beam is then 
marked by a column of light extending for some distance from the window 



This IS beautifully shown m Fig 201, a photograph taken by Professor 
Lawrence using deuterons (nuclei of heavy h)drogen) possessing some five 
or SIX million electron-volts of energy 

If a single push is given by a potential difference between the dees of 
10 000 volts and an ion makes 200 revolutions, it has received 400 pushes 
or the eqo.»Imt of 10,000 X MO or 4,000,000 volts 




268 PRODUCTION' 01 HIGH lOLPAGL 

marked /I and B in Fig 192 a potential difference of several thousand \oI 
which alternates from ^ posrme and B ncganve to the reverse, a few railh 
times a second In the actual instrument ji and B are hollow seinicirciil 
boxes frequentl) called D’s or dees, somewhat as shown in 1 ig 192*, wine 

he in the region between the pole pieces of the powerful miBnct In Fig 19' 

the position of the dees is cleatl) shown nght at the center of the photngrapl 
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Fic 198 A V ew of one of the cyckjtrons constructed under the d reel on of E O Lawrence 


Figures 199 and 200, reproduced through the kindness g£ W J Henderson 
are photographs of the dees used m a cyclotron constructed in the Ph}Sics 
Department of Purdue Universitj 

When the machine is in use, the air is exhausted from the boxes, a little 
gas such as hydrogen is allowed in at low pressure, and ions are created at the 
center by some such device as a heated filament The value of the magnetic 
field and the frequency of the osdllabng electric circuit are so chosen that 
during the time of a reversal of voltage between A and B the ion to be speeded 
up moves through exactly half *i arcle Whenever, therefore, an ion is 
pushed from A to B on the nght side of the box in the next half-cycle it will 
be pushed from B to A on the left and so continue on its circular motion in 
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paths which ever widen Jeciusc of the increase m speed each half revolution 
Just before the sides of the boxnrc reached, the ions pass through a window into 
an observation chamber 
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Fio 199 The dees m the Purdue Umversity cyclotron 

Sometimes the ions emerge through a thin metal window into the surround- 
ing air When this is the case thej strike the molecules of the air and cause 
them to emit light of a lavender color The path of the ionic beam is then 
marked by a column of light extendins for some distance from the window 



Fio 200 Another view of the dees id the Purdue Univcrs ty cyclotron 

This IS beautifully shown in Fig 201, a photograph uken b) Professor 
Lawrence using deuterons (nuclei of heavy hydrogen) possessing some five 
or SIX million electron-volts of energy 

If a single push is given by a potentnl difference between the dees of 
10,000 volts and an ion makes 200 revolunons, it has received 400 pushes 
or the equivalent of 10,000 X 400 or 4,000 000 volts 
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With the c>clotron described above, deuterons with 7 million electron- 
volts (7 mev) were developed Following its construction c>clotrons were 
built at various centers, some of them developing deuterons possessing 20 
mev of cnerg} . 

About 1940 a giant c)clotron, originally designed to develop particles 
possessing 100 mev, was under construction at the University of California 
B} waj of contrast with Professor Lawrence’s original machine, it is inter- 
esting to note that, in the giant instrument, 3700 tons of 2-inch steel plates 



CamarB O 

1 10 201 A close op photograph showing the luminescence in air caused by a beam of h gh 
energy deuterons emerging from a cyclotron 


Mere used to construct the mvgnet, whose pole pieces have a diameter exceed- 
ing 15 feet, with a gap hetwecn them of some 6 feet The war interrupted 
the construction of this machine, but us magnet was put to use m the electro- 
magnetic method of separating the uranium 235 isotope and so indirectly it 
plajed an important part in the harnessing of nuclear energy discussed in 
Chapter XVIII 

At the end of the war, work was resumed on the giant cyclotron In 
mode of operation it differs somewhat from the original model and is more 
propcrl) called a s)nchro-cjclotron In the footnote on page 46, attention 
has been directed to the increase of mass of a cathode ra) when its velocity 
n increased Since this relatinstic increase in mass, as it is called, applies to 
all high speed particles, it means that as the ions m a c)clotron arc speeded 
up to high values (heir masses increase Because of this change m mass it 
becomes more difficult to maintain resonating conditions In the s)nchro- 
cyclotron this difhcuUy has been overcome by a method whose details need 
not be pven in this book It is suflfiaent to note that, as a pulse of ions 
onjinating at the ion source begins to spiral outwards, resonance can be 
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mainumcd in spite of chan^ng mass by slightly lowenng (modulating) the 
frequency of the electncal oscillating arcmt In the giant cyclotron, which 
towards the end of 1946 was successfully operated, the pulse of ions makes 
some 10,000 resolutions, final!) stnkmg an internal target at a radius of 
some 80 inches, with about 200 mev of energ> for singly charged particles 
like dfuterons The amc of flight from source to tirget is about 1000 micro- 
seconds When the machine is in operation a rapid succession of such pulses 
stakes the target 


189 The Betatron — D W 
the mAuction fUctrort aterlerfiter or 
to the radiologist because h) means of 
It electrons can be speeded up until 
thej acquire 100 mev of encrej, 
or e\en higher values These high 
^ed electrons may he used for direct 
bombardment, or allowed to strike 
a target, thus creating x-ra>s of ex- 
tremel) short wave lengths 

In common with the C)c{otron, 
the electrons are constrained to move 
jjj circular paths because of a mag- 
netic field B) means of an injector, 
/ in Fig 202, electrons from a hot 
filament are electromagnetically pro- 
jected in a hollow evacuated box B, 
somewhat resembling a doughnut 


Kerst has developed a machine, called 
betatron^ whch is of great importance 



I 


Fic 202 In the befstfoo elfctfofts emef^ing 
(ram the injector J eircuUte in the disush 
nut-shaped vessel B fAdapted from diagram 
bj Kmt) 


in shape, which lies between the 

poles of a magnet Unlike the mode of acceleration in a cjclotron, the 
electrons are speeded up because of the induced electromotive force which 
results from a changing magnetic field To obtain a suitable changing field 
an alternating current is used in the electrotnigtiet and the electiv/is are 
injected just after the current begins to rise at the beginning of a quarter 
c>de For the remainder of this quarter-cycle the current is growing and 
hence the strength of the magnetic field tt increasnig If, now, we think 
of an imaginary wire in the doughnut, represented by the dotted circle m 
the figure, the magnetic flux through it is increasing in this quarter-cycle, 
and hence there is an induced EMF m the wire whose magnitude is 


proportional to the rate at which the flux is increasing (Review secton 
2, Chapter I ) Although there is no wire, an electron circii/ating in such 
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orbit experiences the same E M F and hence is accelerated Since this 
acceleration occurs in each revolution which the electron makes, it will be 
seen that It can actimte an extremely high speed if it can make a sufficiently 
large number of revolutions This is possible only if the electron can be kept 
in approximately the same orhit lor many revolutions. In the betatron, 
electrons liberated at the injector after a few initial revolutions actually do 
settle down to rotation in an orbit whose radius remains constant * The 



Fio 203 A photograph of a 22 mev betatron at the University of Illinois. 


photograph reproduced in Fig 203 through the kindness of D W Kerst, 
will give the reader a general idea of the appearance of a 22 mev machine. 

As long as the magnetic field is growing, there will be an induced E M F 
with resulting acceleration of electrons In an actual machine, the accelera- 
tion of any particular group of electrons injected into the doughnut is con- 
tinued for a time not exceeding one-quarter of a cjcle of an alternating 
current whose frequency may range from 60 cjcles per second to several 
hundred A good idea of the times and distances involved in a 100,000,000 

* In the footnote at the boltom of page 266, it is shown that w hen a charged particle of 
mass m and velocity f rotates m a circular path in a magnetic field, the radius r of the 

orbit — Since the product mv measures the momentum of a part cle, it follows that 

the radius of the orbit will remain constaut, e\en with changing mass and velocitj, pro 
vided that the magnetic field mcreases in strength at the same rate as the momentum of 
the particle Now the value of the momentum increases because of the force constantlj 
acting on the electron, this force depends on the induced E M F and hence on the rate 
of change of magnetic flux within the orbit It can be shown by using comparatively 
simple mathematics, that the radius remains constant if, at any instant, the magnetic flux 
within the orbit = 2^r^H This condiUon is fulfilled in the betatron 
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mev betatrofi may be liad from the following figures given by Coolidge and 
Charlton After rotating for 1/240 second, n pulse of electrons has made 
250,000 revolutions, during each of which the average induced EMF 
was 400 volt^ ind has traveled a distance of some 800 miles 

But, It will be asked, what becomes of a pulse of electrons at the end of the 
quarter-c}c!e, or whatever shorter interval they are allowed to route’ The 
answer is simple enough The electrical arrangements are such that, at the 
end of the time interval, a condenser is made to discharge through what are 
called expanding coils, so placed that the condition for a fixed orbit is destroyed 
and the electrons spiral out of it until they hit a target, a piece of tungsten 
placed on the back of the injector For the remainder of the whole cycle 
of alternating current, no electrons are m the doughnut, but at the beginning 
of the next another pulse is injected Hence, an intermittent senes of pulses 
stnkes the target 

At the target, x-rays originate in the usual way Strangely enough, the 
target does not become hot, because for some reason the efficiency of the 
process of converting the kinetic energy of these extreme]} high speed electrons 
» very high, according to Mayneord being 70 per cent for 20 mev betatrons 
The output in roentgens is also high. May neord giving as approximate values, 
lOOr per minute at 1 meter, for a 20 mev machine, and lOOOr per minute 
for one developing 1 00 mev 

It will be seen then that the betatron provides the radiologist and others 
with a means of developing intense beams of x raysof tery short wavelengths, 
and adds one more tool for experiments m radiation therapy Moreover, it 
also opens up the possibility of using an electron beam itself m what we may 
call electron therapy, for in 1946 Kerst altered the controls in such a way as 
to bring the beam outside the instrument Careful expenment alone wflJ 
decide the value, if any, of electron therapy. 
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190 Nuclear Bombardment — The results obtained by bombarding 
substances with high speed particles have justided many times over the time 
and energy expended m the development of supervoltage machines In this 
chapter reference is made to some of the important discoveries made in this 
waj , with special emphasis on those relating to radiology At the outset the 
student should become familiar with the following method of descnbing m 
symbols a nuclear interaction 

In section 36 it was pointed out that to describe an atom without ambiguitj 
both Its atomic weight and its atomic number must be given Analysis bj 
the mass spectrograph has shown ui addition that on the atomic weight scale, 
masses of all atoms are given b) numbers which depart from integers by very 
small amounts With these facts m mmd it is easy to see why an isotope of 
an element is frequently designated by the symbol oX^, where X is the cus- 
tomary chemical symbol, a is the atomic number, and b the mass number, that 
IS, the integer which, with si ght error, represents the atomic weight Thus, 
represents ordinary hydrogen , ,H or ,D*, heavy hydrogen or deuterium , 
jHc*, helium or an alpha particle, and wHg***, t«Hg*®S soHg’**, goHg”^, 
eoHg*" , and *aHg“* vanous isotopes of mercury 

Whenever the nucleus of an atom moving at high speed strikes the nucleus 
of another atom and an interaction takes place, whatever the final products, 
the total nuclear charge and, at least to a first approximation,* the total mass 
must remain constant If, then, we wnte down an equation describing the 
nuclear reacbon, the sum of the charges and of the masses on one side must 
equal the corresponding sums on the other side 

As an illustration, consider again the pioneer expenment of Rutherford 
when he obtained protons (>H‘) by bombarding nitrogen (tN“) with alpha 
particles (jHe^) In symbols we can write 

,N‘« + jHc* =; + AT, 


where at is a product which must have the mass number 17, since 14 + 4 
1 + 17 , and the atomic number 8, since 7 +2=1 +8 Since 8 is 

* This assumes the validity of the law of conservation of mass Actually, in nuclear 
reactions, the total mass before may differ mry tbgAiiy from the total mass after the 
reaction Th s question is d scussed and explamed in section 201 
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the atomTC number or the distinguishing marli: of oxygen, r must represent 
an isotope of this element of mass number 17, or we may now wnte 
tN‘* + *He* = ,H‘ 4* .O*' 

As wc have already pointed out, long after Rutherford performed this experi- 
ment, analysis by the mass spectrograph showed that oxygen has an isotope of 
mass number 1 7. 

A still more abndged notation, making use of the symbol * for alpha particle, 
f for proton, \s rites the above reaction N“ (a, f) 0'^ which means that 
nitrogen of mass number 14 when bombarded with alpha particles, gives rise 
to an emission of protons and forms an oxygen isotope of mass 17 In 
nuclear reactions of ibis sort, it should be realized that the bombarding alpha 
particle actually penetrates the nucleus of the nitrogen atom, a temporary 
unstnble compound being formed This compound dsmtegrates into an 
oxygen atom and n proton It should again be emphasized that out of 
millions of bombarding particles, only a few make collisons of such a kind 
that this temporary compound can he formed 

191. Proton BombardmerJt — Protons were the first artificially accel- 
erated particles to be used m bringing about a nucUar transformation In 
England, Cockcroft and Walton obtained alpha particles by bombarding a 
lithium target with protons, m accordance with the equation 
,Li* + cH* a= ,Hc‘ + -He‘ 

Although these experimenters used protons accelerated by some 150,000 
volts and the transmutation ran he brought about by less than 25,000 volts, 
the efficiency of such processes )ncreasfS rapidly with the speed of the particles 
For example, in one investigation it was shown that w hereas for 2yO,DOO volt 
protons there was one successful hit m 10* shots, for 500,000 volt protons, 
there were ten successful hits m the same number of shots In many reac- 
tions It IS desirable to have avaflable particles speeded up by several million volts 

We conclude tins section with a few other examples of proton bombard- 
ment which explain themselves 

+ ,H' = aHe^ -1- *He‘ -f .He*. 

„Na” -I- ,H’ == loNe** + ,He*. 
jLi” + = *He^ 4- »He*. 

„C1” + ,H‘ = uS** + .He' 

= ,N‘* 

The last reaction is an example of itmfU eafture 
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192. Deuteron Bombardment — High speed deuterons thnt is, nuclei 
of the atoms of heavy hjdrogen, hive proved of the greatest importince in 
bringing about nuclear transformations At this stage we give two examples 
The first is described by the equation 

jLi® + iD* = *He‘ + jHe*. 

Here, it will be noted, the lithium 6 isotope, on bombardment uith deuterons, 
gives rise to alpha particles This particular reaction is bcautifull) illustrated 
by Fig 204, where « and h mark the paths of the two alpha particles ejected 
«imultaneously in opposite directions 



Ceurttfi/P t Dt* B T S XV^Ion<tndO\t Snnitu 
Fic 204 a and h mark the paths of two alpha particles ejected simultaneous!) in opposite 
directions when a bombarding deuteron struck the nucleus of a lithium atom 

To make these long trails, the alpha particles iniiiallj must have had a great 
deal of kinetic energy As this energj is a direct result of the nuclear process 
which takes place, it should be evident that the equation does not tell the 
whole story For a complete discuss on consideration must be given to the 
energy involved, a question cons dered m Chapter XVII 

A second example of deuteron bombardment which the student can inter- 
pret himself is given by the equal on 

-f- ,D’ = ,C* + ,He* 

Other important examples will be given later 

193 Artificial Alpha Particles — By using helium in the dees of 
a cyclotron alpha particles with kinetic energj of the order of many million 
electron volts have been obtained Since the energy of alpha particles from 
a radioactive product such as polonium is about 5 mev, we see what a powerful 
tool the cyclotron is Moreover, not only can much faster artificial alpha 
parades be developed, but the intensities of the beams so obtained are the 
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equmlent nf huge amounts of radioacGve niitenal The following is 
example of an alph-i rij transformmon 

laAP + *He* = „Si" + ,H’. 


194 Discovery of the Neutron — The discoverj of the neutron, a 
particle of miss number 1 , hut inthowt an} electrical charge was the result of 
certain experiments m which alpha particles from a radioactive source were the 
Iwmbardmg particles In Germany, BecLcr and Bothe, when bombarding 
certain substances with alpha ra}s from polonium observed, particularlj from 
the element berjiluim, the emission of a radiation sufficiently penetrating to 
pass through lolcnbl} thick sheets of metal. This radiation they considered 
to he Similar in nature to gamma rays 

rolloising up this uork, m France, Joliot and his wife, the daughter of 
Madame Cunc of raduitn fame, were able with more intense sources of alpha 
ray s, to show ( 1 ) that tfus radiation could penetrate an inch or more of lead , 
and (2) tliat, «hen it struck a substance like paraffin «ax (which contains 
a large amount of h) Jrogen), protons were eyccted with great energy Note 
the tuo steps in producing the protons Alpha rays strike beryllium, beryl- 
lium emus this penetrating radiation, supposedly of a gamma ray nature, the 
radiation strikes the paraffin wax, and protons are ejected 

In England, at Cimbridge, a particle without charge and with the mass of 
a proton had been sought for more than once As far back as 1920 Ruther- 
ford had made reference to the possible existence of a neutron and about the 
same time Harkins at Chicago had pointed out that the problem of building 
heat) nuclei from light was much simplified if particles of this nature were 
axailable as building bricks Now Chadwick working at Cambridge saw 
that It was highly probable that at least part of this penetrating radiation from 
berj Ilium connsted of neutrons and be set out to prove it 

It was clear that the radution in question knocked protons out of paraffin 
wax, and it was a simple enough matter to measure the energy of the expelled 
protons, by examining how far they traveled When this was done it was 
seen that it was extremely unlikely that they were knocked out of the wax 
by a gamma ray For this to be possible the gamma ray photon would have 
had to possess some fifty million electron volts of energy, an amount far in 
excess of any probabre vafue for such radiation frte ofiier iVamf, r/ obf 

radiation consisted of high speed matenal parades, each w ith a mass approxi- 
mately the same as that of a proton, the behavior of the emitted protons was 
exactly what was to he expected The gamma ray hypothesis was something 
like assuming that a pellet of buckshot by sinking a cannon ball could project 
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11 forward, whereas the (neutron) particle h)poihesis made onl) the reasonable 
as,umpaon that it was a ca«e of one cannon ball bcinff struck forarard bj* 
another 

The ea^ with w hich the debatable radation passed through thick la) ers of 
lead strond) ‘^ustre'ted that the particles if such the) were, were uncharged 
When a po«jmel) charced particle ploui»hs throuch matter there are «tron2 
forces of attracnon betw een it and the neijamel) charged electrons in an atom 
near w hich or throuch w hich the pamdc is passing In con<equence, electrons 
are pulled out of man) of the atoms in the path of the particle, the atoms are 
thereb) ionized, and the mo\ang charged particle is gradual!) slow cd dow n as 
Its cnerg) is thus expended With an unchrrged particle, howeser, no such 
strong electrical forces exist and the slowmg-dow n process is aer^ much less 
rapid Indeed, direct hits on the nuclei of the atoms are mainl) respon^le 
for the absorption of such a pamcle ht the medium through w hich it passes. 
The slowang-down process of an uncharged parDcle, therefore, depends on 
two factors (1) the degree of do<«ne<s, and (2) the masses of the nudei 
^ctuall) the aborpoon is much greater in a light substance than in a heaty, 
because mas» for mas», there are far more nuclei in the light than m the heava 
substance Moreoter, the colliding parode, if of small mass, bounces off a 
ler) hear) nudeus with Ltile loss of energ>, whereas on collision wnth a light 
nudeus, such a particle transfers much of its energ) to the struck pardde 
The fact, therefore, that lead is more tnn^rent than light substances to 
the radiation m question is a strong argument in support of the hvpolhesis 
that this radiation from ber^lLum consists of a stream of neutrons partides 
uncharged, whose ma<^ arc much less than those of the nudei of lead atoms. 
If the mass of a neutron is of the same magnitude as a proton, the neutron m 
a head-on collision against a proton gites up all its energy to the proton, and 
the marked absoipuon of neutrons b) substances containuig h)drogen finds a 
read) explanation (Later work, discussed in section 20+, showed that the 
mass of a neutron is 1 00S9 on the atomic weight scale Compare this a-alue 
wath 1 OOS13, the mass of the hjdrogen atom, and 1 0075S, the mass of 
a proton ) 

Chadwack, therefore, conduded that this cxtremelj penetrating radiation 
consisted of a stream of neutrons generated according to the equation 

.Be- +.He* ^ .C" + 
w here the s)Tnbol for a neutron 


195 Other Methods of Produang Neutrons — A mixture of a 
radioactiie source of alpha particles wich os radon (and its products) and 
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bcrjllmm is i common source of neutrons But neutrons are liberated m 
many reactions,-! few of vshich ire the follovimg 

,0’ -f ,D = ,fft» + ,»»’* 

,Be" + = ,B‘" 4- ««’ 

sL>’ + iD' = <Be“ 4- 4«' 

“ 4- tHe* 4* 

4" »H* — *C“ 4* ««* 

In the D 4' D renenon, ice from heavy water can be the target for 
dcuterons from a c3c!otron It is worth while noting that this same reaction 
has been used satisfaewn)) at the Mount Vernon Hospital, London, with 
an accelerating tube operated on 300,000 to 400,000 volts Several years 
ago the statement was made that “this plant has so far given an output of 
neutrons equal to that produced b} 30curic$of radon plus beryllium ” 

The exact amount of kinetic energy possessed \»y neutrons after a disinte- 
gration depends on the particular nuclei involved m the reaction In the Be 
(*, m)B reaction, groups of neutrons are 1 berated, some of them with ener 
gies exceeding 10 mev In Chapter XVIII reference will be made to the 
atomic pile, from which a copious supply of slow moving neutrons can 
be obtiined 

196 Neutron Therapy — We have described somewhat in detail 
the steps leading to the discovery of the neutron, a« well as different methods 
of preparation, because there is ample evidence that biologically neutrons 
are of very great importance Although, as we have seen, a neutron being 
uncharged does not ionize directly, indirectly it may cause intense ionization 
in a very short distance For example, m passing through tissue with its 
high percentage of hydrogen, many neutrons are slopped (or slowed down) 
by direct hits (or less direct collisions) against protons These protons then 
begin to move with the energy imparted to them by the neutrons, and being 
heavy charged particles cause intense ionization as they are slowed down 
Since we have good reasons for bel eving that wniration is the primary cause 
of biological changes, it is only rrasomUe to expect strong biological reactions 
with neutron bombardment 

Direct evidence of this has been obtained in experiments which showed tbar 
neutrons were several times more effective m destroying maignant cells in 

• jD’ + jD” = jtV + ,H* his also hem obsessed 
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rats than x ra)s, and also in retarding the growth of wheat seedlings In this 
connection we quote from an irticle by Graj, Reid ind Mottnni in Nature 
(Sept , 1939) “ Neutron encrg) thus appears to be about ten times as effi- 

cient as gamma radiation energj in its lethal effect on bean roots ” 

In Nature (Jan, 1940) J H Lawrence writes “ The intense beam of 
neutrons produced by the c)clotron has made it possible to investigate their 
biological effects on various objects such as bacteria, plants, Drosophila eggs, 
animal tumors and normal mammals This new penetrating form of radiation 
has intense biological effects, e\en greater than x rajs or gamma rajs, on 
normal and tumor issue, but when compared with x-rajs, selectivelj affects 
some tissues more than others Experiments on animals indicating that 
neutrons are more destructive to neoplastic tissue than to normal tissue sug 
gested their trial in cancer therapj ” 

Both these quotations imply the use of some means of measuring effective 
amounts of neutron energy Although a unit like the roentgen has not jet 
been standardized, much use has been made of the « unit, for fast neutrons 
If the ionization chamber of a Victoreen condenser meter, shielded from 
gamma rays by lead, is placed m the path of a beam of neutrons and a dose 
of a roentgens is recorded, the customarj procedure being followed, the 
neutron dose is said to be ti of these n units In other words, 1 n unit corre- 
sponds to 1 r unit as measured by this particular instrument The ionization 
IS due to the protons liberated when the bakelite walls of the chamber are 
struck by neutrons This unit obviously does not fulfil all the conditions of a 
standard A more exact one would make use of true energj absorption, and 
indeed, Pollard and Davidson, in their excellent book on Applied Nuclear 
Physics, have suggested that 1 « might be defined as that quantitj which 
produces 165 4 ergs per cc of tissue This particular number is chosen 
because it is twice the energy absorbed per roentgen per cc of tissue No 
such unit, however, has been adopted and current practice is to use the « 
unit as defined above 

Many investigations have been and are being made concerning possible 
specific biological action of neutrons, as well as concerning the relative effec- 
tiveness of x-rajs with dose measured in roentgens and of neutrons with dose 
in n units These investigations emphasze that “ some tissues are affected 
more than others by neutron rajs ’ (Lawrence) and that “ further investiga- 
tion IS most certainly warranted to establish more definitelj the degree of 
superiority, if anj , of neutron therapy over the more conventional procedures 
which employ x-rays ” (Stone and Hamilton) Regarding neutrons of high 
energy, Mayneord states that “the only hope for this type of therapy lies m 
a selective tumor effect and as yet (1946) such has not been observed ” Con- 
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ccrnin" <Io\v nctitn Mn\ncord sets posshilitirs insing from the resevon 
,11* + #«’ = ,1!*, 

hcciit«j fsmnn raj j ire emitted, nnd tlso in the reicDon 
,N'* + *H* = ,C" + ,11'. 

e'er Chapter XVII ) 

197. Protection against Neutrons — From what has been stated m 
the prcMoiis section, it will Ic exident that it is highly necessary to provide ade- 
quate protection ijim't jxw d ?c neutron bombardment It should be equailj 
dear that ^ substance like lead is priciicall} useless as an ahsorbing mitcnal 
Neutrons \sill pass through seieral feet of lend In actun! pncticc, protection 
IS prtnuifd h) surroundm.: t neutrin vuirce with tuiJcs o! inter, use being 
made of the stowing down of the neutrons hi impacts igamst protons After 
some inent) coDo i ns, ■» fiic imlh »n electron lolt neutron i« slowed down to 
such an e\tent that itsener..) isonlj aU>ut one tenth of m electron volt Cer- 
tiin nuclei strong)) ahsrirh «l nv neutrons If fx ron, for ciample, is added to 
the water in the tank, it becomes a still bsitcr absorbing lajer 

198 Neutron Bombardment and Detection — Because of the ease 
with which iiiicharg,cd neutrons can enter the nuclei of atoms, this particle 
has prnifi! pariicuhrlj iijoable m bringing nbuit mirlesr reactions An 
excellent fllustratioii of this is found in the fact that whereas with the fastest 
alpha particles a» iilalle, n > disintcgraiions had been obtained with elements 
of atomic number ^rcatcr than 19 before the discover) of neutrons after the 
discover) it w as soon shown that elements of hi li ati nwc weight such as gold 
were readil) disintegrated In this work the name of the Italian phjsast 
I ermi, notv in the United States is outstanding 

Nuclear reactions can be brought about hj both slow and fast neutrons, 
but the probab lit) of a particular reaction taking place is large!) a matter of 
experiment Two examples of nuclear changes brought about by slow 
neutrons haie been pien at the end of section 196 Another example, in 
vshich an alpha particle is one of the final products, is the following 

+ *«’ = ,I d + .He* 

This IS an es|ecnl!) interesting reacton, because Pancih and co-workers 
not onl) identified spectroscopically the small amount of hel urn manufactured 
hut also measured the volume liberated when the source of neutrons acted 
for a measured time Some idea of the delcacj of Paneth’i. measurements 
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IS obtained from the fact that he was dealing with volumes of the order of 
one ten-millionth of a cubic centimeter 

This reaction is important for another reason, because it is the basis of a 
method of detecting and counting dow neutrons with an ionization chamber 
and counter (See section 171 ) As already emphasized, neutrons do not 
themselves ionize Suppose, however, that a beam of slow neutrons enters 
the ionization chamber of a counter designed for alpha rays which is filled 
with the gas BF 3 , boron tnfluonde The a)Lr reaction takes place 

and the emitted alpha rajs can be counted in the usual way. Alternately, 
the chamber can be filled with an ordinary gas and lined with a thin layer 
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Fio 205 Enlargement showing the tracks in a pbotonaphic emulsion of an alpha particle 
(on the left) and a tnton (on the nght) which resultea from a neutron coalescing with 
a Li* nucleus 

of boron In either case the number of counts is proporoonal to the number 
of alpha particles and hence to the number of neutrons giving nse to them 
Fast neutrons could be detected with the same arrangement by placing in 
the path of the neutron beam a thick block of paraffin to slow them down 
Fast neutrons can also be detected and counted if recoil protons are generated 
in the gas of the chamber Recoil protons arising from collisions in which 
fast neutrons give up most of their energy to protons which they hit must 
not be confused with protons arising from nuclear disintegrations, such as the 
following 

lS”’ + 

This is an important reaction for another reason which will appear in Chapter 
XVII 

Figure 205, a photograph reproduced through the kindness of Professor 
Pierre Demers, of the University of Montreal, is a good example of the 
photographic method of revealing tracks of particles, and also a stnking visual- 
ization of the nuclear reaction 

,Li" -I- = ,He« + 

Professor Demers reports that a dow neutron emerging from the atomic 
pile at Chalk River, Ontario, struck a nucleus of a Li” atom embedded in a 
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piiotographic emulsion The middle nrrow in the photograph marks the 
spot where the alphi particle ind the Inton^ as the nucleus of the isotope H’ 
IS sometimes cilled, originated fhe Mphi ray track is the denser one on the 
left, the tnton on the right 1 he cquualent rmge in air of the alpha pirticle, 
as determined from its pith )eng:th m the cmuhion, is I 07 cm , which means 
that Its initial kinetic energy was of the order of 2 mev The actual length 
of the path tn ifie emuluoH is a smill fraction of a millimeter 

Certain nuclear reactions initiated b) neutron bombardment liberate 
neutrons, as, for example, 

,N** oh’ = ,N'* + (,«* + pM*. 

In this particular tjpe, as will be seen in Chapter XVII, no energy is released 
Of far greater importance is the phenomenon of fission, m which the nuclei 
of certain heavy atoms are split by colliding neutrons with liberation of neutrons 
and also with a large amount (about 200 mev) of energy per fissinn This 
question is discussed in detail in the next chapter 

199 The Positron, the Mesotron, and Cosmic Rays — In section 
41 It w as stated that at all times there are a few stray ions present m air The 
study of the cause of the feeble conductiviiy ansmg from these ions led to the 
conclusion that the earth’s atmosphere is traversed by a radiation of as yet 
unknown ongin, coming m “ from out of the everywhere into here ” This 
radianon is now called easmse m)r Hundreds of investigations have been 
made and hundreds are in progress, concerning the nature of these rays Al- 
though much information has been found, the question of cosmic rays presents 
many problems still unsolved and m tA« text details would be out of place As 
a result of these researches, two new particles have been discovered, the fosttron 
and the melon or mesotron In the discovery of these particles cloud track 
photographs played an important part 

Figure 197 reveals a phenomenon which frequently occurs when a cosmic 
ray stnkes a substance like the metal plate As is «een in this photograph a 
shower of electrified particles, onginating as a result of the impact of a cosmic 
ray, has emerged from a center marked C, in the material surrounding the 
cloud-track chamber When this photograph was taken, the particles had to 
traverse a magnetic field, and hence the curvature m opposite direcaons 
strongly suggests that there are two bnds, one with a positive charge, the other 
with a negative The only known negatively charged particle is an electron, 
but we have become familiar with two positive particles, alpha rays and pro 
tons The assumption that the path curved in one direction is caused by an 
electron is greatly strengthened the a^iearance of the trail, because the little 
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tlots rtprcscntiiii; inns I «.k tlic Mine ns tln-se olnmcJ svitli l>cn n)s 

iiul fist ikctrtins Mnrc«i\cr, cstimitisof die ciurg) <if siicli pirticles, Inscil 
( n till nuisiircii iiirsiturc of iluir tneks (nml tlic isniiiiption tint the) ire 
iktiiDiis), kill to \nliiis in n^ricineiit with oWnitions <if their lom/ition 
mil their peiKtntin^ P**" ers We ^.ct into tlifliciihics, lion ct cr, n hen u c tr) 
to iscrihc the trnl of oppositi. cur\nturc to either in nlpln piriielc or i proton 
Tins trill iko looks exictl) like tint of in electron, mil not it ill like the 
hci\> continiimis line representing the tnil of in ilplii pirtulc or of i proton 
If, disrcgirihng this similiritj to the pith of in electron, ilie pirticlc is issiimed 
to be citlicr in ilphi ri) or i proton nnd its enirjt) is cilciilitcd miking use 
of the imoiint of ciimtiire, nines ire ol timed fir too srnil) to iccount for 
the olscncd pcnctratmi; power. All the evidence, therefore, indicites tint 
the trill IS Closed h) a positncl) chirked piriicte of miss coiiipinMc with tint 
of in electron \Vhcn cosmic ri) cloiuKtnck pliofognphs were first tikcn, no 
such pirtiele w is known to c\t$i, Imt this was the conclusion to w hich Anderson 
in the United States, in 1932, ind not long iftcrwirds lllickett m Lntiland 
were driven I his new pirtiele wis given the ninn fouiron 

Another good csimple of the trick of i positron is shown in Fiz 196 

Although the positron is, m min) vva)s, the coiiiiierpirt of the electron, it 
differs from it m one important respect, bccmsc unlike the uhiquitfiiis stihlc 
electron, the positron is in extrcmel) shortdived unstable pirtiele If electrons 
ire about, and the) ire ubiquitous, i positron mil in electron will embrace 
giving rise to gamma radiation, again a matter more full) evphined m the 
next chapter 

The mesotron revealed its existence in expansion clumbers is i trick, heivier 
than that of an electron or i positron, but less hcav) thin that of i proton It 
has now been definitel) established that it is in unstible, short-lived particle, 
which ma) he either positive or negative, hiving i miss of the order of 200 
times that of an electron Mesotrons have not )et been created or released 
by artificial means There is evidence, however, tint b) suitable nuclear 
bombardment with particles possessing a few hundred million electron volts, 
this may be possible This is one reason michines ire being developed for 
producing particles with such large amounts of energ) 

In concluding this brief reference to cosmic n}s, it is interesting to note that 
there is evidence that the ri)s come in from outer spice with energies exceeding 
a thousand million electron-volts 
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artificial radioactivity, mass and energy 
200 Art.fic.al or 

M Jobol, vorling m Inner, o j„„Kd positrons r//rr (ftr fam- 

bombrrdrd ssitl, olphr °r ^ thr sourer of ulpto 

barciment haA ceased 1 , when brought neir a 

„,s-nUn ,n>o mothrr u nttoroU.d oae.ivr 

chtrrrd rlrcroseopr, nosed ,t o b^ tt,d,„,et,v><), drernsins to hrlf 

hod) T hr nUinunum soon lo t W „„„„nkablr Alum non, 

nTl^'nTdr Kn'llnnir nsboremr b) bombardment ».tb alpha ra)s 
bardment of aluminum “’P'’’ ' > ' ,nd positrons The proton 

Tm^sZTs rndilT "pl'""'" '’> 

+ He' = ..Si” + ■" 

en,.i.on tbe Wlo,».n„ transmutation must take 
To account for a neutron enus . 

„A1>' + -He‘ = .>P” + 

f «-.non ire n neutron and an element 
In this ease, .be prodnets of .be „ ,5 Phosphorus is a 

vehicb must be phosphor, .s, becanje « atom 3I , h„ no 

„ell-k„own element n.th a stable «.ope ^ ^ ,h„,f„, 

known stable isotope „..h ma^ n.™^^ em.tung 

eoncluded .ha, this .sotop-/ ".^^Jh^pens then «*« The origmal bom- 

poMtrcmsvbhenit cxplwles ..r-ctuies a certain amount of u? 

tardmen. of the aluminum and embedded in 1. are 

ceasing fire with .be alpha ra), .be M » ,hep shoo, off 

these new unstable or radioaenve atoms 

positrons ^ .„l,c ble mass and one unit positiv . 

Since a positron ha. “t „n has pract.call, the same mas. 

the nucleus left behind after .be cap 



286 AR ni ICI AL RADIOACFI VI I \ 

fore, but an atomic number one less In the case of laP''" the nucleus left, 
therefore, must have an atomic number of 14, hence it must be silicon 
We may write 

= „Si« + 

where ii* is the sjmbol used for a positron 

The half-period of P” is a little less than three minutes 
To distinguish an unstable, radioacUve isotope of an clement from a stable 
one, particular!} when the element occurs m nature onl) in its stable form, the 
prefix radio ma} convenient!} be used Since, however, the same element may 
have more than one radioactive isotope, the mass number should also he speci- 
fied The element phosphorus, for example, has a radioactive isotope of mass 
number 32, as well as of 30 

Radiophosphorus’ , or uP**, is of much greater importance to the radiolo- 
gist than isP’® because its half-penod of 14 3 da}sis$o much longer The fol- 
lowing equations describe three of the several ways in which it can be prepared 

-H = „P’' + ,H‘ 

-f iD’ = .,P»' + 

-I- ,He^ = „P” -h jH'. 

When ijP’" disintegrates, beta rays are emitted, hence jaS®' must be the final 
stable product, in accordance with the relation 

-h .e- 

A second interesting example of a radioelement is uNa** which may be 
manufactured by methods such as the following 

iiNa” + ,D* = uNa'^ + iH" 

. Mg*-* + = jiNa * + iH* 

+ ,D* = ,iNa ’ + ,He* 
iiNa** + o«* = uNa*‘ + gamma 

When radiosodium** disintegrates, with a half period of 14 8 hours, i^’Mg * 
is the stable product and beta and gamma rays are liberated In symbols 
we wnte 

= „Mg« + ,e- + y 

Radiosodium*^ may readily be made in quantities which are the equivalent 
of thousands of dollars worth of radium 

In passng it is interesting to note that sodium has in all the following five 
isotopes four of them radoactve with half periods gnen in brackets 
Na ' (23 sec ) Na (3 0 years) , Na * (stable) , Na * ( 14 8 hours) , and 
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Na ’ (62 sec ). There b nntiung particular!} unique about this, for it applies 
to tmnj other elements We li« the isotopes of ciH^on because, like sodium 
and the elements listed m T aWe X\XV, it is of importance in biological 
problems Carbon has in all three radroactiNc and iv.o stable isotopes 
C** (8 8 sec ) , C” (20 5 mm ), C’* (staHe, 98 9 per cent) , C” (stable, 

1 1 per cent) , C'* (1000 )cars) 

In Table XXXV, (be numbers in brackets after beta particles gi\e max 
imum tallies of tlieir energies The same applies to the energp possessed 
b) the photons of gamma radiation (sec section 202) 


Tii*iE \X\V 


Radioelemeni 

Rad ation and Fntrgy 

Halfperiot | 

IP 

I'eta" pJOIJ in*v) 

31 years 


(095) 

20 5 mn» 

C* 1 

beta- (0 UJ) 

1000 yean (») 


beta* (092, IW. r(028) 

99w>J 


Ivta* (0 <8) 

3 j«n 


fieta- (J 4), tO 3S. 3 73) 

i4ghrs 

JMI 

beta- (t f9) 

' N 3 days 


beta- (0 17) 

87 I days 

K‘« 


12 4 hrs 

Ca“ 

beta- (0 2), >(07) 

180 days 

Fe” 

beta- {a2ii. 0 46). >(I 10. J JO) 

47 davs 

Co“ 

bft*“(0JJ).r(J 10. 130) 

5J yean 

S(*' 

beta- (» 32) 

SSdar* 


beta- (0 03, 0 <W), >(<1 367. 0 080) 

8 days 


201. Biological Uses of Radioelements — Broad)} speaking, the 
biological and medical Uses of radioelements may be dinded into two 
mam classes (a) as tracers or indicators or spj atoms, and (b) as thera 
peuiic agents The use of radioactive materials as indicators depends on 
two facts (J) The loni^aimn method of detecting and measuring small 
quantities of a radioactive substance is so scnsiuie that it is possible to meas- 
ure quantities miiiions of times less than the smallest amount detectable 
even by the spectroscope Heve^ and Paneth, who were pioneers in 
the use of radioactive elements as indicators, state that whereas “spectros- 
rop} can often not onlj detect, but even measure, much smaller amounts, 
down perhaps to lO"* or lO"*** gm only the methods of radioactinty 

arc able exact!} todetermificquantinesofmatteroftheordcroEsay, 10 gm ” 
(2) Stable isotopes and unstable nr radioactive isotopes of the same element 
have identical chemical properties and, therefore, cannot be separated b) 
chemical means 
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Now long before the discovcrj of artifiaal ndioelements it was realized, 
notabl} by Hevesy and Paneth, that if a small amount of a radioactive isotope 
was mixed with a large amount of a stable isotope of the same element, the 
activity of the radioactive portion would reveal the presence of the whole 
quantity Bismuth and radium E, for example, are isotopes with the same 
atomic number 83, and if these substances are mixed, it is impossible to sep- 
arate them by chemical means But, wherever the mixture is, its presence can 
be detected by the signals which the unstable atoms of radium E send out in 
the form of ionizing beta radiations Moreover, because of the extreme sen- 
sitivity of the ionization test, only a very small amount of the radioactive 
tracer or indicator is needed This particular example has been given, because 
bismuth IS used in the treatment of ^philis, and by the addition of radium E, 
It was possible to investigate “the rate at which different bismuth compounds 
are resorbed after injection ” (Hevesy and Paneth) 

The discover} of the comparative case with which it is possible to manu- 
facture radioactive isotopes of elements present m plants and animals has 
naturally led to their use m biological and phjsiological investigations P* , for 
example, because of its fair!) long half-penod and its importance m body 
metabolism has been used in the study of man} problems A small amount 
of the radioactive clement, mixed with sodium phosphate, for example, is 
introduced into the body by the mouth and the subsequent behavior of the 
phosphorus traced by the use of a sensitive detector of ionization, such as a 
Geiger-Mueller counter It is not the object of this book to go into details 
concerning results of such investigations, but it is interesting to note that it 
has been shown that the role of phosphorus m bones, for example, is a dynamic 
process, that is, atoms of this element are constantly being replaced by the 
arrival of fresh atoms 

The same methods applied to plants have shown that in the leaves of maize 
and sunflowers, phosphorus atoms wander about, the same atom moving from 
one leaf to another in the course of a few days 

A different method of detection of the tracer P’" atoms is nicely illustrated 
by Fig 206, a photograph onginally taken b} Dr Perry Stout and reproduced 
through the courtesy of and Dr } M Cork, the author of an article 

m that journal The photograph shows the concentration of phosphorus in 
the stems of the leaf of a tomato plant In this case the plant is grown m a 
solution containing a small amount of P** Subsequently a leaf was placed 
in contact with the emulsion of a photographic film which was affected by 
the beta rays from the radioactive phosphorus 

Although the half period of Ni'* is much shorter than that of P*", it also 
has proved useful as an indicator Common salt, to which a little Na”* has 
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ken nildea, cin he detected m a hnnJ ten minutes nftcr it his been swallowed, 
tnd «hen n solution of common salt is injected intnvenouslj m one hand, 
twent) seconds later «Klium appears m the other 

A good example of tlie use of N^ * is giien bj a somewhat extensive investi- 
gation bj Smith and Quimbj In this work normal saline was injected mtra- 
'enoiKlj into some 200 patients with penphenl saviihr disease, and ‘ thn 
circulation of the blood was 
tneed bj folIo\vm;» (with i 
Geiger-\jijel|er counter) the 
sodium It cirned ” 

As another illuMration of the 
use of a radioelemcnt as a tracer, 
we quote from an article bj Dr 
J L Lawrence, on the use of 
raCioiron in inirsnsatum* hg 
Whipple and associaies, and Aus- 
toni and Greenberg " When 
radioaciise feme salts were pven 
orallj to normal and anemic ani- 
mils and the animals were sacri- 
ficed at various periods thereafter, 
the uptvke of the tagged iron, ns 
determined by Geiger counter 
measurements, ins from 4 J to 
12 7 per cent in the anemic ani- 
mals and 0 OS to 0 24 per cent 
in the normal controls These 
studies indicate that ilie uptake of 
the ndioiron is determined bj the 
need of the body for iron ” 

According to Evans one of the 
experts in the field of radioactive 
tracers, in some branches of such work, only a single spy or tracer atom is 
needed for each ten bllion to a million bUwii normal atoms 

The fact that cerfam elementi or compounds appear in txzes&in local regions 
suggests the therapeutic use of radioelemcnts for diseased areas For example, 
lodme concentrates m the thyroid gland, a fact amply venfied by the use 
of I'*' as a tracer element It follows that, in diseased conditions, if 
iodine containing the radioaccve v^nc^y is administered to a patient, the 
radiation from the T” might have beneficial effects There is evidence 
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r>c 206 Auto-rad ograrh showing the dism 
iiution of ridiophosphorus in the leaf of the 
tomato plant K^ne'ial by Dr Perry Stout ) 
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that this IS true m the treatment of h)pertljyroiilism, but this whole field 
IS so new that much careful expenmenting is necessary before final conclu- 
sions can be reached 

The possible use of radioelcments as therapeutic agents is indicated by the 
results of another investigation, by Evans and Quimby, dealing with a com- 
panson of the effects on white mice of whole body roentgen radiation and of 
radioactive sodium They report that “ it has been found that 10 microcunes 
of radioactive sodium per gram of body weight injected subcutaneously «« the 
normal mouse are equivalent in effect to 100 roentgens of heavily filtered 
200 Kv roentgen rays ” 

More striking is the statement by Rhoads and Solomon that “ radioactive 
phosphorus IS probably the best therapeutic agent available at the present time 
(1946) for polycythemia vera 

These few examples should give the reader a general idea of a whole field 
of activity, in which, although many invesagations have already been earned 
out, especially with phosphorus and iodine, the future has amazing possibilities 
One of the most important results of the recent developments m nuclear 
energy discussed in Chapter XVIII is the ease with which large quantities of 
radioactive isotopes may be manufactured Many, but not all, of these are 
listed in Table XXXV, and it will be seen that emitters of both beta and 
gamma rays are available In this table, as previously indicated, energy 
values have been given The significance of this will be understood better 
after a study of the work m the next few sections 


202 Gamma Ray Bombardment —In sections 123, 130, 132, and 
135 reference was made to the view that radiation must be thought of as 
existing in energy units called quanta It will be recalled that for radiation of 

wave length a quantum has the value where h is Planck’s universal 

constant of magnitude 6 56 X 10”** erg X sec , and c represents the velocity 
3X10 cm per second with which all electromagnetic waves travel It was 
pointed out also that sometimes it is necessary to think of radiant energy travel- 
ing through space as photons, each photon having a quantum of energy Using 
this point of view, for example, we saw m section 132 that it was easy to ex- 
p am t e production of recoil electrons when x-rays are scattered In section 
5 it was also shown that, if we express m electron-volts the energy of a 
photon of radiation of wave length A angstroms, we obtain the result 

Energy of photon = ^ electron volts 
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Tor a gamma ray of wave length 0 0036 angstrom, one of the shortest 
emitted b} radium C, this gives the value 2 2 X 10* c v , that is. over two 
million electron-volts If, now, we keep in mind that photons may have 
energy values as large as this, it should not be surprising to learn that nuclei 
of some atoms can he disintegrated by gamma ny bombardment We note 
two examples ( 1 ) Using gamma raj-s from thorium C", of magnitude 2 62 
million e V , Chadwick and Goldhaber disintegrated deulerons into protons 
and neutrons, m accordance with the equation 

It follows that, if a proton picks up a neutron to form a deuteron, the con- 
verse reaction should take place and energy be released as radntion This, 
indeed, is not uncommon when a neutron is captured A few examples are 
ajCu** + <,»!* ~ t*Cu** -f- radiation 
H* <,«* = + radiation 

ijP*‘ — jjP” + radiation 

In passing, it may be noted that this process is a common «aj of makingradio- 
active isotopes, since many of the products, like Cu*®, Au"* and P*" are 
unstable. 

(2) Our second example of photodismtegration is the following 
«Be* H* y — «Bc* + #«’ 

To bnng about the disintegration of Be®, the photons must have energ) 
exceeding 1 4 mev. Energies fir m excess of this amount are necessarj to 
disintegrate the great majority of stable notopes, and as jet disintegrations bj 
gamma ray bombardment are not numerous However, with betatrons and 
other instruments developing x-raj s by the stoppage of electrons possessing 200 
mev or more, the future should reveal manj more phntodismtegrations 

Mayneord points out the possilslitj of ^ological effects resulting from the 
photodismtegration of elements m tissue, such as C, O and N If 20 mev are 
available, carbon, for example, can be disintegrated in accordance with 

eC’ + y = «C‘' + *«' 

jC*' being radioactive, bwlogical effects are to be expected 

It should be noted that the probaMitj of reictions of this kind taking place 
IS not high, photons with 20 mev being more tifcclj to give up energj to recoil 
electrons or for the formation of pairs. (Sec section 206 ) 

203. Mass and Energy — The work on disintegration and transmuta- 
tion has shown that the nuclei of atoms must be complex in siructiire In pres- 
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ent day physics one of the important problems is the elucidation of this structure 
It IS not our purpose to go into details about the information which so far has 
been obtained, but there is one question relating to nuclear structure and 
nuclear transformations which is so fundamental that some explanation of it 
must be given This his to do with the equivalence of mass and energy 
In section 190 it was pointed out that, in equations dealing with nuclear 
reactions, the sum of the mass numbers on each side of the equation must be 
the same ThtSy however ^ is true only to a first affroximatwn If use is made 

of the accurate values of atomic weights found bj the mass spectrograph, a few 
of which are 1 sted in Table V, section 48 a very si ght discrepancy between 
the sums is found As an example consider again the reaction 

aLi^ + 

If we set down in a kind of balance sheet, the accurate mass values, we see at 
once that the sum on the right s de of the equation is distinctly less than the sum 


Before 

MawofL’ 701818 
Mass of HI - 1 00813 

Sum - 8 02431 


After 

Mass ofHe* — 4 00386 
Mass of He* — 4 00386 

Sum - 8 00772 


on the left The discrepancy is not great, being only 0 0186, but it is far too 
large to be described to experimental error In the transaction, apparently 
mass has been lost What has become of it^ 

The answer to a question of this kind had already been given by Einstein, 
who showed that every form of energy has an equivalent mass It is a wrong, 
although a very common, idea, to consider mass and matter synon>mous It 
IS perfectly correct to state that inert matter has mass, but the converse is not 
necessarily true, because all mass is not associated with matter Energy, too, 
has mass A photon, for example, has mass, and the mass of a proton is greater 
when It IS moving than when it is at rest by the mass equivalent of its kinetic 
energy 

In symbols, Einstein’s law is wntten 

IT ^ E 

t, = me* or m = — 
c‘ 

where E represents the amount of energy, e is the velocity of light, and m the 
equivalent mass Let us put the matter in numbers 

Themissofah>drogenatom — 1 66 X 10"** gm , and r = 3 X 10 >»cm 
per sec If, therefore it was possible to annihilate a h) drogen atom, although 
inert matter would disappear, the mass would now he associated with an 
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amount of energy given bj 

E = I 66 X 10-*‘ X 9 X 10** ergs 
If this energy is expressed as F electron volts, then we wnte (see section 35) 
V 

~X48X]0W=166X 10~» X 9 X lO**, 

from which 

V ~ 933 mev 

Thus, we may state that the disappearance of about 1 unit of matter on the 
atomic weight scale should release about 933 mev, hence the disappearance 
of 0 001 of a unit releases about 0 933 mev Approxirnately we may use 
1 mev as the equivalent of 0 00 J 1 of an atomic weight unit 
On this view, then, conservation of mass holds only tf ice include the mass 
equivalent of any energies tnvohed sn a transaction The truth of this was 
proved by direct experiment for the reaction jLi’ + ,H’ — nHe* + jHe* In 
one experiment it was shown that when the bombarding proton had 300,000 
ev of kinetic enei^ each of the emitted alpha particles is ejected with 8 7 
mev of kinetic energy When these energy values are taken into con- 
sideration and Einstein’s law is applied, there is agreement to a high order 
of accuracy between the total mass on one s dc of the equation and the total 
on the other Our balance sheet now is written * 


BerORC 

^^assofI thiom’ atom 

Mass of bombarding hydrogen* atom 

Mass equivatest of 300 000 ev 

Total 


Mass of 2 helium atoms 2 X 4 00386 
Mass equ valent of 8 700 000 e v 
Mass equivalent of 8,700,000 e v 
Total 


3COOOQ 
933 000 OCX) 


= 7 0)818 
= 1 C08I3 
=. 00032 


8 01663 


8 700000 
933 000 000 


800772 

00933 

00033 


8^1638 


• The object on may be made to the numbers g \en in ihe bihncc sheet ihit the matt 

of the HHcleus should be used, not that of an Mom Tli s is perfectly true, hut no error 
IS introduce i into (he calfulai ons beonse the atom c mass is subst tuted for the nuclear 
miss on each s de of the eqoaton PoMng it in another was we have added to the 
nuclear masses on each side the n asses of four e»rranoclear ejeirrorr 
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204 Mass of the Neutron — By appljmg the law of conservation of 
energy (or of mass) m its exact form to the nuclear reaction 
,D* 4- y = iH‘ + o«‘, 


It IS easy to evaluate the mass of a neutron (See again section 202 ) On 
the left hand side of this equation, the mass is 2 01472, for D*, plus 2 62/933, 
or 0 00281, the mass equivalent of 2 62 mev, making a total of 2 01753 
On the right hand side, we must record 1 00813 for H*, plus x, the mass 
number of the neutron, plus the mass equivalent of the energy of motion of 
the disintegrated particles Now, by measuring the amount of ionization 
produced bj a proton, Chadwick and Goldhaber showed that the energy of 
motion of both the proton and the neutron in this reaction was about 0 5 mev 
Since this amount has a mass equivalent of 0 00053 unit, the total to be 
recorded on the right side of the equation is 


Hence, 


1 00813 4- 0 0053 4- or 1 00866 4* x 
2 01753 = I 00866 4- iv, 


or X = 1 0089, to 5 significant figures 


205 Emission of Gamma Rays m Nuclear Reactions — In the 
proton lithium reaction the form of the energj released was kinetic, but this 
IS not the only kind which may appear Sometimes radiant energy is released 
when a nuclear reaction takes place For example, when protons bombard 
boron", gamma ra}s are emitted as a result of the transmutation 
,B‘‘ 4- ,H> = ,C' 

Since the mass of B“ =11 0128 
and the mass of = 1 0081 

or the total == 12 0209 

and since the mass of C‘ = 12 004, 

we see that the lost mass, or more accurately, the loss of mass associated with 
matter = 0 017 unit Hence, energy is released to the extent of 17 X 
0 93 or about 16 mev Expcnmentall), when this reaction takes place 
an emission of gamma rajs is observed, with energy reaching a maximum 
value of 16 6 mev From observation and measurement of the energy of 
gamma rajs emitted in such a reaction, valuable information is obtained about 
the vanous states or conditions in which the nucleus of a stable atom may exist 
This emission of gamma rajs must not be confused with the gamma radia 
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photoelectric effect From 200 kilovolts up, recoil electrons predominate. 
If the radiation consists of photons with energy around 50 mev, pair produc- 
tion IS the most important factor causing absorption. 

As might be expected, the converse to pair production can take place and 
has been observed experimentally When a positron and an electron come 
together, they disappear gning birth to energy m a process which can legiti- 
mately be called annihilation of matter. Obviously the union produces 1 .02 
mev of energy in the form of gamma radiation. 


PROBLEMS AND QUESTIONS 

1 Enumerate three ways of obtaining voltages of the order of 50,000, and one way 
of obtaining, 1,000,000 volts 

2 With reference to the equation 

„Na»* -I- = „Na« + iHS 

explain (i) what experiinental fact ihu tells you, (n) the meaning of the subscript and 
superscript numbers, (ui) why j,Na” is called radiosodium 

3 What IS the difference between stable and unstable isotopes? Give one example of 
each class 


4 Write down the transformation equation when radiosodium is formed by the 
bombardment of magnesium (atomic weight = 24, atomic number = 12) by neutrons 

5 (a) When sulphur (atomic weight 32, atomic number l€) is bombarded with nuclei 
of heavy hydrogen, radiophosphorus (atomic weight 30, atomic number IS) is one of 
two products By writing down the transformation equation, show what the other 
product must be (b) Why is the term radiophosphorus used? 

6 j,P** and protons are obtained when a certain element is bombarded with neutrons 
Find the atomic weight and the atomic number of this element 

7 (a) Discuss as fully as you can the passage of neutrons through matter, describing 
the various interactions of the neutrons and atoms which miy occur Where possible 
make specific reference to tissue (b) Write the reaction equation for one method that 

as been used to obtain neutrons in abundance (c) What protection would you use 
against a powerful source of neutrons? 


8 (a) Radiophosphorus is produced in the following w: lys, in each of which 
the bombarding particle is absorbed (i) sulphur (atom c number 16, mass number 32) 
is bombarded with neutrons, (ii) chlorine (atomic number 17, mass number 35) is 
bombarded with neutrons, (m) phosphorus (atomic number 15, mass number 3l) is 
bombarded with deuterons, (iv) silicon (atomic number 14, mass number 29) is bom- 
barded with alpha particles Write the equabons for these reactions (b) What 
radiation is emitted by and what is lU half period? 

J Explain fully how bombarding alpha particles were used m the experiment 

Which led to the discovery of neutrons (b) Neutrons are sometimes produced by the 
oombardment of the lithium isotope of mass number 7 by high speed deuterons Write 
aown the probable transformation equation (c) Explain one method of manufacturing 
radioactive sodium 


nuclear equabons, (i) how neutrons are obtained by the method 
use m I e origina discovery , and (ii) by bombarding icc made from heavy water 



CHAPTER XVIII 

URANIUM FISSION AND ATOMIC PILES 

207 Energy from Destruction of Matter and Nuclear Fission. 
— If man could destro) matter and harness the energ) released, the conse- 
quences would be amazing Although 1 million electron-iolts arc equal to 
only 1 6 X 10“" erg, the number of atoms in eicn a few milligrams of matter 
IS so enormous that, »/ they all did disappear and change into energ), the 
results would be startling If we use the relation E ~ tne^, we find that for 
m = I gram, E is 250 million kilowatt hours At once it maj be stated 
that no such disappearance of matter has been observed 

We have seen, however, that when nuclear reactions take place, sometimes 
there is a loss of mass associated with matter, with an equivalent release of 
energy For example, the results of the bombardment of lithium bj protons 
suggest that in this process we may have a useful release of energy A single 
0 3 mev proton brings about the release of two alpha particles, each with 8 7 
mev, and this looks like a profitable business The profit, however, is more 
apparent than real because, for every proton which hits a lithium atom in the 
right way to cause this reaction, some ten million protons are fired without 
making any direct hits Since the energ) expended in shooting this large 
number is entirely wasted, the efficienc) of this reaction as a source of power 
IS extremely low 

Still another means of obtaining energy from the disappearance of matter 
is provided by the phenomenon of fission, a t)pe of disintegration in which a 
heavy nucleus, like uranium, after coalescing with a neutron, disintegrates 
with two particles of comparable size ns its major products 

More than one country shared in the honor of the discover) of fission In 
1938, Hahn and Strassmann m Germany, following up work done by Cune 
and Savitch in France, found that a group of the radioactive bodies which 
resulted from the bombardment of uranium by neutrons were chemically 
similar to the element banum They eventually concluded that banum was 
a product of the uranium neutron interaction Now the formation of an 
element, such as banum, which occurs in the middle range of the penodic 
table, as a result of the union of a very heavy element like uranium with a 
neutron, was such a new and unexpected phenomenon that it was startling 
But there was no doubt about the matter 
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Now consider the clement b^^um'*• Since M itomic mass is 137 ‘J' 

average mass of its 138 neutrons and protons is slightl) Ifu than 1 I nc 
same ma} be said of hnllnnum’”, mother element which appears as a fission 
product, with an atomic mass of 138 955 When, therefore, a heavj nucleus 
such as U’” gives rise on disintegration to products of intermediate weight 
like 13a and La, there is a loss of mass associated with matter and hence a 
gam of cnerg) Remembering the conversion relation, 0 0011 of an atomic 
mass unit is equal to 1 mc\, the reader can slum from the above numbers 
that approximate!) 200 mev arc released per fission 

As alrcad) indicated, in terms of kilow atl»h«iirs 200 mev is an extremcl) 
small amount of energ) But if a suflicientl) large number of atoms 
undergo fission, the resultant release of cnerg) can lx: ver) large I or exam- 
ple, if all the atoms in one pound of U*** are di integrated in this waj, the 
total energy released is of the order of 1 1 million kilowatt-hours 

208 The Cham Reaction -—The second reason wh) fission >s v* 
important from the energy standpoint is due to the fact that in addition to 
the two lieav) fragments, the products of disintegration include one or more 
neutrons Thus, fission ts eausfd by tsfntrons, ond tinifrorsi arf rmUted tn 
the frocess It ts therefore possible that, once fission is started, these emitted 
neutrons, or some of them, can cause further fission, with further emission 
of more neutrons, thus giving a chain reaction with liberation of energ) con- 
tinuing as long as the disintegrating chain goes on If the energ) is liberated 
at an extremel) rapid rate, a bomb mi> result, if, however, the rate is slo'v 
and controlled, there is the possibilit) of harnessing the energ) released as a 
new source of power 

What then, are the possibilmes of establishing such a chain reaction, and, 
if established how can it be controlled so that, once started, it docs not run 
amok like a fire in a dr) forest^ The answers to these questions were pro- 
vided dunng the years of World War II, m work of such importance that 
we are sometimes said to live in a new age, desii-nated by the much abused 
word atom c As this work has far-rcachmg consequences in radiology , we 
shall examine somewhat carefully the conditions necessary to establish a 
chain reaction 

We have noted above that in a single fission, from 1 to 3 neutrons are 
emitted Suppose that the average number is 2 and that each liberated 
neutron is able to bring about further fission It is easy to see that the total 
number of neutrons would rapidly increase, being 2 after the first generation 
then 4 or 2 then 8 or 2* and so on until m a short time the number is very 
large When an atom c bomb explodes, this rapid chain increase actually 



lilt CHAIN ULACnON 301 

nics pbce, b„., «..b “•'mnr, "(,7",r/l™L 

„, u ,h« ,n nur d«;.«on « -p. -u., fis»n of U“ 

fisaon much more reoJil) tinii u („„h 

„ brought obou, h) ocurrens of on) „( Oo the 

cuerE) of the order of 0 025 met) ^ 3,„5e 

other hmd, -ilthotieh itcotrons 1'"'"®'";- „„, do so Since 

fissnn ,„ U-'. those ttith etterg, - f" „ o httle less tlnn 

ihc a^cnse kinetic energj o ntu These fist neutrons with 

, fission of U-” IS decidedl, smtll W^_ y„. 

cnerg) n httle less thin mev, ||®„„ (becioie the miss of U is 

off lining oof) n httle eoerE) « f’* 1 keep boonenE 

so much Erciter thin tint of i J „ bemg gridiiallv slowed 

ibout, most of them making man> following processes (0 A lew 

.low,.; undl the> are all n'lcUi 6®'”" ®"r 

hit the rehtitelj smnll number of origmally 

eseape altogether Irom the d„ 3 .„ „„„gh to be raj.iirni by 

generated (ill) Some hive , very important proeess 

U’", without resulting fisi'on 1 .L/ioWiry (or Mufmi niK/i 
M „*e, ,lu„ ,tt.» o %/. impurities man, neu 

nionl 38 cferrrotitKi"' C') " 

irons are captured by their atoms present at any 

We see, therefore, .hat .1 a cert, " numh^ , „ ,„ h 

tnsun, ,n a given miss of tmiomm « . ^ ’ Tone. 

number because of fission of U V „ ^ ^ .mpurues // ‘ 

due to eseipe and to cap»'c >>> “ _ ,„d, „erf, *c™". 

„reeJ ih, ga.m, rfte -lu"'*" cj uranium 

r„e„o„ no. Jto, the pract.ea p olkm . 

establish 1 ehiin react, oo, as as done j„„o i eontr y 

(a) to make the guns ,ust popped .. , ,3 p 

"'s„s:rhVmc|:r£«;tarw^^^^ 

umm'Z ths n^ii “=t ‘;;^”“;,^,“Xe garaTdm^^^^ _^3,33 „( 

explained, It 13 possible bot j by incrcasinE the f ,he 

Loss due to escape can beje^^, depends 

uranium This is bccau ^uopon depends on t e j ^ds on the 
surrounding mr/«ce, "''"eis , ,p„,Be example, depen 

renal Since the area of a sphere. 



300 


URANIUM nSSION AND ATOMIC PILES 

Now consider the element banum’** Since its atomic mass is 137 
average mass of its 138 neutrons and protons is slightlj less than 1 I be 
same may be said of lanthanum*”, another element which appears as a fission 
product, with an atomic mass of 138 955 When, therefore, a heavy nucleus 
such as U”* gives rise on disintegration to products of intermediate weight 
like Ba and La, there is a loss of mass associated with matter and hence a 
gam of energj Rememhenng the conversion relation, 0 001 1 of an atomic 
mass unit is equal to 1 mev, the reader can show from the above numbers 
that approximately 200 mev are released per fission 

As already indicated, in terms of kilowatt-hours 200 mev is an extreme!) 
small amount of energy But if a sufficientlj large number of atoms 
undergo fission, the resultant release of energy can be very large For exam- 
ple, if all the atoms in one pound of U*** ire disintegrated m this way, the 
total energy released is of the order of 1 1 million kilowatt-hours 

208 The Chain Reaction — The second reason why fission is w 
important from the energy standpoint is due to the fact that in addition to 
the two heavy fragments, the products of d sntegration include one or more 
neutrons Thus, fisston « caused by neutrons, and neutrons are emitted tn 
the froceis It is therefore possible that, once fission is started, these emitted 
neutrons, or some of them, can cause further fission, with further emission 
of more neutrons, thus giving a chain reaction with liberation of energy con- 
tinuing as long as the disintegrating chain goes on If the energy is liberated 
at an extremely rapid rate, a bomb may result, if, however, the rate is slow 
and controlled, there is the possibility of harnessing the energy released as a 
new source of power 

What, then, are the possibilities of establishing such a chain reaction, and 
if established, how can it be controlled so that, once started, it does not run 
amok like a fire in a dry forest^ The answers to these questions were pro 
vided during the years of World War II, in work of such importance that 
we are sometimes said to live m a new age, designated by the much abused 
word atomic As this work has far reaching consequences m radiology , we 
shall examine somewhat carefully the conditions necessary to establish a 
chain reaction 

We have noted above that in a single fission, from 1 to 3 neutrons are 
emitted Suppose that the average number is 2 and that each liberated 
neutron is able to bnng about further fission It is easy to see that the total 
number of neutrons would rap dly mcrcase, being 2 after the first generation 
then 4 or 2* then 8 or 2*, and so on until m a short time the number is very 
large When an atomic bomb explodes, this rapid chain increase actually 
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tikes place, but, with ordinary masses of even purified uranium there is no 
such chain reaction for sevenl reasons (a) The element uranium consists of 
a{>aut^99 3 per cent of tl'” 0 7 per cent of and such a small fraction 
of U"** that in our discussion it may be neglected Now undenroes 
fission much more readily than U”* To be more exact, fission of U 
is brought about by neutrons of any speed, very slow thermal neutrons (with 
energy of the order of 0 025 mev) being most effective of all On the 
other hand, although neutrons possessing more than 1 mev of energy cause 
fission in U*”, those with energy less than that amount do not do so Since 
the average kinetic energy of neutrons liberated fay fission is a little less than 
I mev, fission of is decidedly small (b) These fast neutrons, with 
energy a little Jess than 1 mev, on striking nuclei of atoms of bounce 
off losing only a little ener^ at each collision (because the mass of U”* is 
so much greater than that of a neutron) They, therefore, keep bouncing 
about, most of them making many collisions and so being gradually slowed 
down, until they are all accounted for by the following processes (i) A few 

hit the relatively small number of U”* nuclei, causing fission («) Some 

escape altogether from the mass of uranium m which they were onginally 
generated (m) Some have been slowed down enough to be captured ^ 
U“*, without resulting fission This capture is a very important process 
iihich takes place uitfi a high degree of frobabdity for neutrons iKtih energy 
about 38 eUciron-i^ltt (iv) If the uranium contains impurities, many neu 
trons are captured by their atoms 

We see, therefore, that if a certain number of neutrons are present at any 
instant in a given mass of uranium, as time goes on there w ill be a gam in the 
number because of fission of U”* (2 to 3 being liberated per fisson), and a 
loss due to escape and to capture hy U'** and by impurities // the losses 
exceed the gatns^ the number of neutrons tvdl steadily decrease^ end a ehain 
reaction is not possible Actually, none is set up in ordinary uranium To 
establish a chain reaction, as » done in atomic pdeSf the practical problem is 
(a) to make the gams just exceed the losses and (b) to devise a control by 
means of which the process can be started or stojipcd 

Gains can be increased by^ increasing the percentage of U***, that is, by 
enriching the pile, to use the technical phrase With a mass of ordinary 
uranium, this need not be done, because \sy certain means immediately to be 
explained, it is possible both to increase the gam and decrease tfie foss 

Loss due to escape can be lessened increasing the size of the mass of 
uranium This is because escape of neutrons depends on the area of the 
surrounding surface, whereas production depends on the volume of the ma- 
tenal Since the area of a sphere, to take a specific example, depends on the 
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sruart of Its rad, us and its volume on the cube. It should be evident tint doubling 
the radius tvill increase the surface area four times, but the volume eight time , 
since 2‘ = 4 and 2’ = 8 Consequent!) , as a unit is made larger and larger, 
escape of neutrons, depending on the surface area, becomes re/«li«/) less 
important than production, which depends on the volume When scientists 
were first seeking to establish a chain reacuon, one of their first problems was 
to estimate how large a unit would be necessaiy to offset the loss by escape 
Loss due to capture is decreased by punfying the uranium, removing 


impurities which capture neutrons 

Loss due to capture by U"** is reduced by slowing liberated neutrons down 
to thermal speeds before they (or most of them) get a chance to come in 
contact with atoms of this isotope This slowing-down process has the added 
advantage of increasing the gam because, as we have seen, fission of is 
most readily brought about by neutrons of thermal speeds 

The reduction in speed is brought about by the use of what is called a 
moderator^ a material consisting of light atoms which, when hit by fast neu- 
trons, rapidly slows them down (In section 197, we have already empha- 
sized that after some twenty collisions with protons, a 5 mev neutron is 
slowed until its energy is only about 0 1 e v ) For satisfactory use as a 
moderator, a substance must also consist of atoms which do not readily capture 
neutrons Both conditions are satisfied by graphite and by heavy water 
In chain-reacting piles, therefore, masses of uranium slugs or rods are inter- 
spersed in a large mass of moderator matenal so that neutrons liberated in 
my particular slug are slowed down before they strike a neighbonng one 
This book 13 not the place to give the details of the construction of actual 
piles, which may be operated at power levels as low as a few watts or as high 
as some hundred thousand kilowatts, but our description of basic principles 
would not be complete without an explanation of the means of starting or 
stopping a pile Control is possible because a few substances, notably cadmium 
and boron, absorb slow neutrons to an exceptionally high degree Accord- 
ingly, a pile IS designed so that rods or plates of a material like steel, coated 
with cadmium or boron, can be inserted to varying degrees inside it Suppose 
a pile has been designed to operate at a certain power level with a cadmium 
control half way in Then, with the rod or rods pushed all the way m, no 
chain reaction is possible because too many neutrons are captured by the cad- 
mium On gradually pulling out the rods, cadmium capture becomes less 
and less and at a certain stage the reaction begins If the controls are pulled 
too far out, the reaction will proceed too vigorously, and care must always be 
exercised to guard against this 

Since no special source of neutrons is placed in a chain-reacting pile, the 
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mder wonder how ihe cho.n process o m.onted Th« .s because a few 
ray neufrons from cosnr.c rays are always presen, .n the atmosphere and 
moreover, because there ts always dte off-chance of an odd spontaneous liss.on 

209 Release of Nuclear Energy and "“J” ^ 

we are no, concerned w„h the n«t of chain-r^cnng pdes “ 
of useful power In the field of -tfology . ho"- 
of nuclear energy ,s of the „.m»t nnporun e To ^^n w 
ar.oaated ao.lh ccloisd mounu cf r.duiacUMI Consider h 
of neutrons by U ”, that is, the reacnon 

„U ’• + g»‘ = -aU’” + ’’ 

Here we have both a source of gamma md.anon •‘-"“mmutt 
radioactive isotope U”% which also radioactive This 

w„h beta emission, to form the element . 

disintegration may then be written 

.,U”* = ^ 

. ftf ,Nd”*, With half period 2 3 daj s 

This IS followed by the dis ntegrao P . 

and another beta ray emission, which leaas ro 
in accordance with s» — Pu*** + ? 

! Its half penod is so long, being of 

Although Pu«* IS an "^P^ .^f'^’urposes it can be considered stable 

the order of 200,000 years, that for many P P ,, 

Since m a pile some =^P'"' " manufactured It can be removed 

follows that plutonium IS conaandy S^ importance because, like U , n 

by chemical means and is of th g huge 

undergoes fission read !y ’ for the specific purpose of making p u 

chain-reacting piles were ui ^ bombs , 

touium, ,t being excellent W for «om r.dioacUvit, assoc.a ed 

A second and very ■"’P”''"' o( Cssion are highly radioactive Ulo- 

with a pile IS the fact that the P^““ l„,h,„„m and man, others 

matel, stable isotopes o* ''™ , rones of transformaUons of the oiagin 

are found, but they are the „„o of the many possible fission 

, products For ,impe of lanthanum after the fol- 


fission _ 

products, ultimately turns n» • 

l„wi„gseri..oftransfo,ma»n^^^^^^^__^ 

”cs’*’ = M®*'* 
..Bn'” = 


+ P, 
+ P, 
+ P 
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When, therefore, i pile is in opcntron, such transformiMons ire going on 
constantly, with consequent intense radioncOvity In a large pile, the amount 
of radioactive material is the cqutvalent of hundreds or even thousands of grams 
of radium Then, there is the constant stream of escape neutrons As for 
atomic bombs, even the layman has been made well aware of the highl) dan- 
gerous radiations which emanate from the place where one has been dropped. 

In the important nuclear investigations which led to the chain reacting pile 
and to the atomic bomb, a major problem was the protection of personnel 
from these dangerous radiations Through the efforts of a number of dis- 
tinguished scientists, not onl) were workers successfullj protected, but much 
fundamental research work relating to biological effects of radiations was 
earned out It may not be amiss to quote one or two conclusions from a 
report on this whole problem of health protection bj Dr Robert S Stone, 
the director of the group of workers whose pnmary concern was problems 
of health protection “ In a general way the opinion has been confirmed 
that radiation acts on tissues rowghl) in proportion to the specific jonjzauon 
whether radiations come from outside the body or from a radioactive clement 
inside the body Fission products and plutonium have not been available 
long enough for chronic experiments to be completed, and therefore such 
experiments remain as a postwar project for some interested group ” 

Biological problems arising from the dangers of intense radiation may be 
classified as of a negative nature On the positive Side, chain reacting piles 
have created a new s tuation As far as biological uses ire concerned, no 
new fundamental principles have been discovered, but radioactive isotopes 
will now be available for use along the lines discussed in Chapter XVII, m 
hitherto undreamed of amounts To begin with, there are the actual products 
of fission, such as radioactive iodine, concerning which Mayneord suggests 
that ‘ It may be possible to concentrate 100 cunes m 1 mm * This,*’ he 
adds, should make an ideal beta ray emitter plaque ’* Then, in the pile, 
we have a source of neutrons for use in manufactunng useful isotopes A good 
example is the manufacture of *,Co“ by the process g,Co” + o«* = 2 ’Co®® 
-{- /? 4' 7 This may prove to be a convenient source of gamma and beta 
radiation 

Years of work lie ahead with untold possibibties in the biological world, for, 
to quote Dr Stone again, “Nucleonics, the saence of the atomic nucleus, is 
only in its infancy The more it is pursued, the more chance there is of 
accident and the more the need therefore of a better understanding of bio- 
medico-physical problems” To this the author of this book adds, and, on 
the positive side, the greater the possibih^ of beneficial discoveries for mankind 
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SOME USEFUL CONSTANTS AND CONVERSION FACTORS 


1 eouJomb 
300 volts 
1 fflrad 
1 microfarad 
1 angstrom 
1 ratcrort 
] miUimjcron 
! X umt 
1 electron volt 
1 electronic unit of charge 
charge cn ejectroo 
mass of electron 
mass of a hydrogen atom 
mass of an electron 
charge earned by i OOS gm 
Planck s eofistanr (i) 
sKottesc wave length 


» 3 X JO*statcoiilonihs 
c I statrolc 
«= 9 X 10“ statfarads 
»» 9 X 10‘ statfarads 
« W**cm 

- 10*»mm 

- lO-* mm 

•» 10^ angstrom 
» 1 6 X 10^ erg 
r» J « X 10^’ coulomb 
|» 4 80 X 10 statcoulomb 


«» I 76 X 10* coulomb per gram 
•• 1 67 X 10^ ram 
- 9 II X 10^ gram 
of hydrogen » 96490 coulomb 

B 6 56 X 10-*' erg X sec 
13395 

m , , - - angstfwns 

maximum vtdtage 
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Table XXXVl — atomic kumbers, atomic weights and stable isotopes 


Element 

Symbol 

Atomic 

Number 

Atomic I 
Weight 

Mass Number 
of Isotopes 

Hydrogen ] 

H 

D 

1 

1 

10081 

2 014722 

1,2 


He 

2 




Li 

3 


6, 1 


Be 

4 



Rnrnn 

B 

5 



Tirlvin 

C 

6 

12010 

12, 13 


N 

7 

14008 

14, 15 

Oxygen 

0 

8 

160000 



F 

9 

1900 


Neon 

Ne 

10 

20183 

20,21,22 


Na 

II 

22 997 

23 

Magnesium 

Mg 

12 

24 32 

24,25,26 


Al 

13 




Si 

14 

2806 

28, 29, 30 

Phosphorus 

P 

15 

3098 

31 


S 

16 

32 06 

32, 33, 34, 36 

Chlorine 

Cl 

17 

35 457 

35,37 

Argon 

A 

18 

39 944 

36, 38, 40 


K 

19 

39096 

39, 40, 41 

Calaum 

Ca 

20 

4008 

40, 42, 43, 44,46, 48 

Scandium 

Sc 

21 

45 10 

45 

Titanium 

Ti 

22 

47 90 

46, 47, 48, 49, SO 

Vanadium 

V 

23 

SO 95 

51 

Chromium 

Cr 

24 

52 01 

£0, 52, S3, 54 

Manganese 

Mn 

2S 

54 93 

55 

Iron 

Fe 

26 

55 85 

54, 56. 57, 58 

Cobalt 

Co 

2? 

58 94 

59 

Nickel 

Ni 

28 

58 69 

58, 60, 61, 62, 64 

Copper 

Cu 

29 

63 57 

63, 65 

Zinc 

Zn 

30 

6538 


Gallium 

Ga 

31 

69 72 


Germanium 

Ge 

32 

72 60 

70, 72, 73, 74, 76 

Arsenic 

As 

33 

7491 

75 

Selenium 

Sc 

34 

78% 

74, 76, 77, 78, 80, 82 

Bromine 

6r 

35 

79916 

79, 81 

Krypton 

Kr 

36 


78, 80, 82, 84, 86 

Rubidium 

Rb 

37 

85 48 


Strontium 

Sr 

38 

8763 

84, 86, 87, 88 

ttrium 

Y 

39 

88 92 


Zirconium 

7r 

40 



Molybdenum 

Mo 

42 

95 95 

92,94, 95, 96,97, 98, 100 

Ruthenium 

Ru 

44 

101 7 


Rhodium 

Rh 

45 

10291 


Palladium 

Pd 

46 

106 7 

102, 104, 105, 106, 108, 110 


Ag 

47 

107 880 


Cadmium 

Cd 

48 

112 41 

106 108, no 111, 112, 113, 

Indium 

In 

49 

114 76 

114, 116 

113, 115 
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Caesium 

Banom 

Lanthanum 

Cerium 

Praseodymium 

Neodymium 

Samarium 

Furopium 

Gadolinium 

Terbium 

Dysprosium 

Holmium 

Erbium 

Thulium 

Ytterbium 

Lutecium 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Indium * 

Platinum 

Gold 

Mercury 

Thallium 

Lead 

Bismuth 


Symbol 


Tb 

Dy 


Atomic 
\\ eight 


13291 
137 36 
13892 
140 13 
14092 
14427 
150 43 
1520 
1569 
159 2 

162 46 

163 5 
167 2 
169 4 
173 5 
1750 
178 6 
180 88 
183 92 
186 31 
1902 
193 I 
195 23 
197 2 
20061 
20439 
20721 
20900 


Mass Number 
of Isotopes 

112 114, 115i ll^i ***’ 
119, 120, 122, 124 

!20’ \?2, 123, 124, 125, 126 
128, 130 

124, 126, 128, 129, 130, 131, 
132, 134, 136 

S, 132. 134. 135, 136, 137, 138 

J39 

136, 138, 140, 142 

U2 143 144. 145,146,148,150 

U4:i47:i48:t49.150,152,154 

158,160,161,162,163,164 

1«, 164, 166. 162. 16!, 170 
'lS.170, 171, 172.173, 174,176 
I?!!™, 177,17!, 179.110 
1!0,1S2,183,1!4>1!0 

iSlSll!’.!'*''”'™’'” 

192* 194, 195, 196, 191 
',S,19S,199,200.201,202.2M 

203, 205 

204, 206, 207, 208 
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Table XXXVI — atomic sombem, atomic weights and stabit isotopes^ 


r 

Symbol 



Mass Number 

Element 

Number 

Weight 

of Isotopes 

Hydrogen 1 

H 

1 

10081 

1.2 


D 

1 


3,4 


He 

2 

40039 

Lithium 

Li 

3 

6940 

6,7 


Be 

4 

902 


Pnrnn 

B 

5 

10 82 



C 

6 

12010 

12, 13 


N 

7 

14008 

14, IS 


0 

8 

160000 

16,17,18 


F 

9 

1900 


Wrnn 

Ne 

10 

20183 

20,21,22 

Sod urn 

Na 

11 

22997 

23 

Magnesium 

Mg 

12 

24:12 

24,25,26 

Aluminum 

A1 

13 

26 97 

27 

Slicon 

Si 

14 

28 06 

28,29,30 

Phosphorus 

P 

15 

3098 

31 

Sulphur 

S 

16 

3206 

32, 33, 34,36 

Chlorine 

Cl 

17 

35 457 

35,37 

Argon 

A 

18 

39 944 

36,38,40 

Potassium 

K 

19 

39096 

39, 40, 41 

Calaum 

Ca 

20 

4008 

40,42,43,44,46, 48 

Scand um 

Sc 

21 

45 10 

45 

Titanium 

Ti 

22 

47 90 

46, 47, 48, 49, 50 

Vanadium 

V 

23 

50 95 

51 

Chrom um I 

Cr 

i 24 

5201 

50, 52, 53, 54 

Manganese ' 

Mn 

25 

54 93 

55 

Iron 

Fe 

26 

55 85 

54, 56, 57, 58 

Cobalt 

Co 

27 

5894 1 

59 


Ni 1 

28 

58 69 

58, 60, 61, 62, 64 

Copper 

Cu 

29 

63 57 

63, 65 

Zinc 

Zn 

30 

65 38 

64, 66, 67, 68, 70 

G allium 

Ga 

31 1 



Germanium 

Ge 

32 



Arsenic 

As 

33 



Selenium 

Se 

34 


74, 76, 77, 78, 80, 82 

Bromine 

6r 

35 

79 916 

79,81 

Krjpton 

Kr 




Rubidium 

Rb 




Stronnum 

Yttnum 

Zirconium 

Molybdenum 

Sr 

Y 

Zr 

Mo 

38 

39 

40 

42 

87 63 

88 92 

9122 

95 95 

84, 86. 87, 88 

89 

90,91,92,94,96 

92.94.95. 96.97.98. 100 

Rhodium 

Palladium 

Cadmium 

Rh 

Pd 

Ag 

Cd 

44 

45 

46 

47 

48 

101 7 

10291 

1067 

107 880 
11241 

96, 98, 99, 100, 101, 102, 104 

101, 103 

102, UM, 105, 106, 108, UO 

107, 109 

106 108, no 111, 112, in. 

Indium 

In 

49 

11476 

114, 116 

113, 115 
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Element 

Symbol 

Atomic 1 
Number 1 

Atomic 

Weight 

Mass Number 
of Isotopes 

Tin 

Antimony 

Tellunam 

Iodine 

Caesium 

Barium 

Lanthanum 

Praseodymium 

Neodymium 

Samarium 

Europium 

Gadolinium 

Terbium 

Dysprosium 

Holmium 

Erbium 

Thulium 

Ttterbium 

Luteaum 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Indium 

Platinum 

Gold 

Mercury 

Thallium 

Lead 

Bismuth 

Sn 

Sb 

Te 

1 

Xe 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 1 

1 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 

T1 

Pb 

Bi 

50 1 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

62 

63 

64 

65 

66 1 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

118 70 

12176 

127 61 

12692 

1313 

13291 

137 36 

13892 

140 13 

14092 

U427 

150 43 

1520 

1569 

159 2 

162 46 

163 5 

167 2 

169 4 

173 5 

1750 

1786 

180 88 
18392 

186 31 

1902 

193 1 

195 23 

197 2 
20061 
2(H49 
20721 
20900 

112, 114, US, 116, 117, 118, 

119, 120, 122, 124 

121,123 

120, 122, 123, 124, 12S, 126 

128, 130 

127 

124, 126, 128, 129, 130, 131, 

132, 134, 136 

133 

130, 132,134, 135, 136, 137, 138 
139 

136, 138, 140, 142 

141 

1 142,143,144, 145,146,148,150 

1 144,147,148,149,150,152,154 
151,153 

152,154,155,156,157,158,160 

159 

158,160,161,162,163,164 

(65 

162,164, 166, 167, 168, 170 

169 

168.170.171.172.173.174.176 

175. 176 

174, 176,177,178,179,180 

181 

180,182,183,184,186 

185,187 

184,186,187,188,189,190,192 
191, 193 

192,194,195,196,198 

197 

196. 198,199,200.201,202,204 
203,205 

204. 206, 207, 208 

209 
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INTERNATIONAL RECOMMENDATIONS FOR X-RAY 
AND RADIUM PROTECTION* 

Revised by the International X Ray and Radium Protection Commission at the Fifth 
International Congress of Radiology, Chicago, September, 1937 

International Recommendations 

I The dangers of overexposure to X rays and radium can be aioided by the pro 
Vision of adequate protection and suitable working conditions It is the duty of those 
in charge of x ray and rad urn departmenU to msurc such conditions for iheir personnel 
The known effects to be guarded against arc 

(a) In}unes to the superficial tissues, 

(fc) Changes in the Uood and derangements of internal organs, particularly thi. 
generative organs 

The evidence at present available appears to suggest that under satisfactory work 
mg conditions a person in normal health can tolerate exposure to x rays or radium gamma 
rays to an extent of about 0 2 international roentgen (r) per day, or Ir per week On the 
basis of continuous irradiation during a working day of seven hours, this figure corre 
iponds to a tolerance dosage rate of 10”*r per second The protective values given in 
these recommendations ate generally in harmony with this figure under average condi- 
tions 

I Working Hours, etc 

2 The following working hours, etc , are recommended for whole time x ray 
and rad lun workers 

(■») Not more than seven working hours a day in temperate or cold climates For 
workers in tropical climates, shorter hours may be desirable 

(i) Not more than five working days a week, the off days to be spent as much 
as possible out of doors 

(c) Not less than four weeks holiday a year, preferably consecutively 

(d) Whole time workers in hospital x ray and radium departments should not be 
called upon for other hospital service 

(<) X ray, and part culaily radium workers should be systematically submitted, 
both on entry and snbsequenify at least twice a year, to expert medical, general, 
and blood exairimations, special attention being paid to the hands These 
examinations will determine the acceptance, refusal, lim tation, or termina 
tion of such occupation 

(/) The amount of radiation received by operators should be systematically checked 
to insure that the toleraore dose js not exceeded For this purpose, photo 
graphic films or small capacity condensers may be carried on the person 

II General X rav and Radium Recommendations 

3 X-ray departments should not be situated below ground floor level 

4 All rooms, including dark rooms, should be provided with windows affording 
good natural lighting and ready facilities for ad n iting sunshine and fresh air when 
ever possible 

* Reprmte 1 by permission from Radiology, April, 1918 
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5 Al] rooms should be provided with adeqiute exhaust \entihtion }n certain cli 
mates it may be necessary to have recourse to air conditioning: For roo ns of normal 
dimensions, say 3,000 cubic feet (90 c meters) in which corona free apparatus is in 
siallfi), the vcntilafing system should be capable of renewing the air of the room not 
less than six times per hour, tshile up to ten times ma) he requ red when the apparatus 
IS not corona free Large rooms require proportionately fewer changes of air per 
hour than small ones Air inlets and outlets should be arranged to afford cross wisi. 
ventilation of the room 

6 All rooms should preferably be decorated in light colors 

7 A working temperature of about 18*— 22°C. (65*— 72®F) is desirable in x ray 
rooms 

8 X ray rooms should be large enough to perm t a convenient layout of the equip 
merit A minimum floor area of 250 sq ft (25 sq meters) is recommended for x ray 
rooms, and 100 sq ft (10 sq meters) for dark rooms Ceil ngs should be not less 
than 1 1 ft (is meters) high 

9 High tension generators employ ng mechanical rectification should preferably be 
placed in a separate room from the x ray tube 


ni X RKY PHOTECTIVE RECOMMESDATIONS 

10 An X ray operator should on no account expose himself to a direct beam of x rays 
U An operator should place himself as remote as practicable from the x ray tube 
It should be borne in mind that valve tubes are capable of producing x rays 

12 The X ray tube should be self protected, or otherwise surrounded as completely 
as possible, with protective material of adequate lead equivalent * 

13 The following lead equivalents are recommended under average eond tions 


\ rays Generated by 

Peak Voltages 

Minimum Equivalent 
Thickness of Lead 

No t exceed mg 75 k v 

1 mm 

100 

125 

3 

150 

25 

175 

3 

200 

4 

250 


300 

9 

350 




(600) 

(3S) 


(if) Diagnostic Work ~ 14 In the case of diagnostic work with other than com 
pletely protected tubes the opciator should be afforded add fionaJ protection from stray 
radiation by a screen of a mmimum lead equivalent of one millimeter 

15 Screening examinations should be conducted as rap dly as possible with minimum 
mtensities and apertures, particularly when fractures arc reduced und r x rays Palpi 
tition with the hand should be reduced to the min mum 


• The lead equ.v alent of a given thickness of protective CMtenal .» that thickness of 
lead which is equally opaque to x rays exated at some specified peak voltage 
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The lead cU» -I fl.o.aace.t .are.» .ho.ld have ,ha prot.C.a valaa. racomn.ehd.J 
HTle ca’se of .menmc aUhda. tho Huororant .cm,, .hoold, .f necca.ry. pro- 

JJ, “:.ei“'w™hd... » .1», pc..c=..o» au..-. -I.™. r.d.a...n 

IS afforded for all positions of the screen and diaphragm protect- 

,g Scm»,nE .fnd. and conch.. d.ould pro..d. «lcqoa,. arcangcncn,. for protect 
ins: the operator against scattered radiation from the patient ^,,,,,,al 

19 PtLcttvc glov.., chtch .hould b. .iiiBblp lined .'ith fabric or other natcml, 
.hoold have a proBotm vain. no. !«. than one .h„d B.ll.ntrt.r load 
back and front (.ncluding finger, and wn.t) Proteettve apron, .hoold have a m.mmom 
lead value of one half millimeter 

(B) Tnatmini —20 In the case of x ray treatment, the operator is best - 
tioned completely outside the x ray room behind a protective wall, the lead 
of which will depend on the circumstances In the case of a single x ray tube excite 
by voltages up to 200 kv , the protective wall should have a minimum lead equivalent 
of two millimeters This figure should be increased in the case of higher exciting 
voltages or of heavy tube currents or if the protective value of the x ray tube enclosure 
falls short of the value given in paragraph 13 In such event the remaining wa Is, 
floor, and ceiling may also be required to provide supplementary protection for a^acent 
occupants to an extent depending on the circumstances Full protection should be pro- 
vided in all those directions m which the direct beam can operat* 

Inspection windows in screens and walls should have protective lead values equiva- 
lent to that of the surrounding screen or wall 

21 In those cases in which an x ray tube is continuously excited and treatment periods 
are regulated by means of a shutter, some form of remote control should be provided 
for the shutter, to insure that the operator is not exposed to direct radiation while manipu- 
lating the shutter or filter 

22 Efficient safeguards should be adopted to avoid the omission of a metal filter in 
X ray treatment, for example, by an interlocking device or by continuously measuring 
the emergent radiation Protective Kreens and applicators (cones) used in treatment 
to define the ports of entry of x ray beams should be sufficiently thick to reduce the 
dosage rate outside the direct field of irradiation to less than 1 roentgen per second 


IV. Electrical Precautions in X rat Rooms 

23 The floor covering of the x ray rooms should be insulating material such as 
wood, rubber, or linoleum 

24 Where permanent overhead conductors arc employed, they should be not less than 
9 feet (3 meters) from the floor They should consist of stout metal tubing or other 
coroniless type of conductor The associated connecting leads should be of coronaless 
wire kept taut by suitable rheophores 

25 WTiercver possible, earthed guards or earthed sheaths should be provided to shield 
the more adjacent parts of the high tension system Unshielded leads to the x ray tube 
should be in positions as remote as passible from the operator and the patient The 
use of “ shockproof ” x ray equipment, in which the high tension circuit is completely 
enclosed in earthed conductors, is recommended In all cases, however, indiscriminate 
handling of x ray lubes during operation should be forbidden Unless there are rea- 
sons to the contrary, metal pares of the apparatus and room should be efficiently earthed 
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26 Majn and tupply switches should be vety accessible and distinctly indicated They 
should not be in the proximity of the high tension system, nor should it be possible for 
them to close accidentally The use of quick acting, double pole circuit breakers is 
recommended Overpowered fuses should not be used If more than one apparatus is 
operated from a common generator, suitable high tension, multiway switches should be 
provided In the case of some of the constant potential generators, a residual charge is 
held by the condensers after shutting down, and a suitable discharging device should, 
therefore, be fitted Illuminated wammg devices which operate when the equipment 
IS “alive ” serve a useful purpose TTie staff should be trained in the use of first aid 
instructions dealing with electrical shock If foot switches are used they should be 
connected in series with an ordinary switch, and should be so designed that they cannot 
be locked to keep the circuit “ alive ” and are not capable of being closed accidentally 

27 Some suiuble form of kilovoltroeter should be provided to afford a measure of 
the voltage operating the j ray tube 

28 Low flashpoint anesthetics should never be used in conjunction with x rays 
V. Film Storaob Psecautiws 

29 The use of noninflammable XTay films is sucngly recommended In the case 
of infiammable films, suitable precautions should be taken as regards their use and 
storage Large stocks should be kept in isolated stores, preferably m a separate build 
ing or on the roof 

VI Radium Protective Recommendations 

(if) Radium Sallt — JO Protection for radium workers is required from the effects 
of 

(a) Beta rays upon the hands, 

(i) Gamma rays upon the mternal organs, vascular and reproductive systems 

3 1 In order to protect the hands from beta rays, reliance should be placed, in the 
first place, on distance The radium should be manipulated with long handled forceps 
and should be earned from place to place in long handled boxes, lined on all sides 
with at least one centimeter of lead All manipulations should be earned out as rapidly 
as possible 

J2 Radium, when not in use, should be stored in a safe as distant as possble from 
the personnel It is recommended (hat the safe should be provided with a number of 
separate drawers individually protected The amount of protection should correspond 
to the values given m the following fable These values, which are based on working 
conditions where there is proximity to ladium may be reduced for larger working du 


Maximum Quantity 
of Radium Bement 

Th ckness of 

Lead 

0 05 gm 

S cm 

02 

8S 

05 

10 

10 

11 

20 

13 

50 

IS 

100 
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33 A separate room should be provided for the “make-up” of screened tubes and 
applicators, and this room should be occupied only during such work 

34 In order to protect the body from the penetrating gamma rays during the han- 
dling of radium, a screen of not less than 2 S cenumeters of lead should be used, and 
proximity to the radium should occur only during actual work, and for as short a time 


as possioic , , j X ui 

35 The measurement room should be a separate room, and it should preferably con 
tain the radium only during its actual measurement 

36 Nurses and attendants should not remain m the same room as patients under- 
going radium treatment with quantities exceeding one half gram 

37 All unskilled work, or work which can be learned in a short period of time, 
should preferabl) be carried out by temporary workers, who should be engaged on such 
work for periods not exceeding six months This applies especially to nurses and those 
engaged in “ making up ” applicators 

38 Rad urn containers should be tested periodically for leakage of radon Prejudi- 
cial quantities of radon may otherwise accumulate m radium safes, etc , containing a 
number of leaky containers 

39 Discretion should be exercised in transmitting radium salts by post In the case 
of small quantities (less than 10 mg of radium element) it is recommended that the 
container should be lined throughout with lead not less than three millimeters thick, 
while for quantities between 10 and 50 mg of radium element, the lead container should 
be supported in the center of a box with a minimum dimension of 30 cm Packages 
containing more than 50 mg of rad urn element are preferably sent by rail or hand 
under suitable conditions of protection 

(5) Redon — 40 In the manipulation of radon, protection against beta and gamma 
rajs IS required, and automatic or remote controls are desirable 

41 The handling of radon should be carried out, as far as possible, during its rela 
tisely inactive state 


42 Precautions should be taken against excessive gas pressures In radon plants The 
escape of radon should be very carefully guarded against, and the room m which it 
IS prepared should be provided with an exhaust fan controlled from outside the room 

43 Where radon is likely to come in direct contact with the fingers, thin rubber 
gloves should be w-orn to avoid contamination of the hands with active deposit Other- 
wise, the protective measures recommended for radium salts should be carried out 

44 The pumping room should preferably be contained in a separate building The 
room should be provided with a connecting tube from the special room in which the 
radium is stored m solution The radium m solution should be heavily screened to 
protect people working in adjacent rooms This is preferably done by placing the 
ra lum solution m a lead lined box, the thickness of lead recommended being according 
to the table in paragraph 32 

(c) _4S Th= ralo opcr.tor attendant on Iks naa 

° quantities of radium in radium beam therapy may be largely obviated if some 

control IS adopted by which the radium is only introduced into the 
om a ter t e latter has been adjusted in position on the patient If such arrange- 
"'T/ V' aiailable, the importance of exjieditious handling is stressed 
■,A , ooms used or radium-beam therapy should provide adequate protection for 
J '' »rds and rooms in permanent occupauon 

o ving minimum lead thicknesses arc required to secure a tolerance dosage 
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Blackett, 284 
Bohr, 157 
Bombardment by 

alpha, 274, 276 
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Canal rays, 54 
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Cathode rays, 39, 42, 45, 51, 67 
Centrifuge, 63 
Chadwick, 277, 291, 294 
Cham reaction, 300 
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air wall, 201 
free air, 201 
ioni 2 atiQn, 194 
standard, 194, 197 
thimble, 194, 201 

Characteristic x rays, 153, 165, 167 
Charlton, 273 
Chaoii], 87 

Chemical anal)si5, 55 
Chemical effect of x rays, 137 
Choke coil, 10, IS 
Chronometer, Webster drop, 108 
Circuit 
Graetz, 96 
Greinacher, 100 
high frequency, 10 
inductive, 6 
primary, 2, 18 
primary Tesla, 109 
nomnductive, 6 
secondary, 2, 18 
secondary Tesla, 111 
Villard, 102 
Cockcroft, 274 
Coefficient 

absorption, 171, 176, 228 
decay, 239 

linear absorption, 177 
mass absorption, 178 
Collision 

disintegrat on, 248 
ionization by, 50 
scattering, 247 
Compton, 166, 170, 179, 181 
Condon, 245 
Condenser 
discharge of, 106 
meter and dosage, 203 
with electrometer, 200 
with rectifying values, 99 
Conductivity of air, 33, 34, 55 
Constant potential, 99 
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spectrum, 120 
X rays, 154 

Coohdgc, 51, 70, 77, 273 
Cooling target, 68 
Cork, 288, 289 
Corona, 3l 

Corpuscular emission, 197, 201 
Co^ic rays, 283 
Coulomb, 46 
Counter 

Geiger Mueller, 230, 232 
proportional, 232 
Cross-fire treatment, 210 
Cune, 222, 234, 277, 298 
Cune, meaning of, 241 
Currents 

I alternating, 1, 3 
classification of, fOS 
control of, m tubes, 66, 75 
displacement, 116 
faradic, 20, 105 
galvanic, 105 
high frequency, 10, 105 
induced, 2 

intermittent, 26, 105 
lomiation, 200 
primary induction coil, 19 
pulsating, 105 
saturation ionization, 192 
saturation tube, 76 
sinusoidal, 4, 106 
Curtiss, 245 
Cycle, meaning of, 4 
Cyclotron, 263 
synchro, 270 

Dark space, 42 
Davidson, 280 
D C , S, 105 
Decay 

coefficient, 239 
of radon, 237 
Dees, of cyclotron, 268 
Deliydriiting effect of x rays, 135 
Demers, 282, 299 
Dempster, 57 
Deposit, active, 242, 244 
Depth dosage, 208 
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Deuterium, 59 

Deuteron bombardment, 276 

Diaphragm 

and scattered rays, 183 
potter Bocky, 183, 185 
Diathermy, 110, 115 
Diffraction grating, 121 
Diode tube, 70 
Disc, rectifying, 24, 27 
Disintegration, 242 
Displacement currents, 116 
Dosage 

by condenser meter, 203 
by ionization, 192 
depth, 208 

gamma rays, 235, 237 
of X rajs, 190 
pastilles, 190 
roentgen unit, 194, 197 
Dose 
air, 205 

back scatter, 205 
integral, 215 
tissue, 205 
threshold, 212 
tolerance, 210, 216 
Duane, 152, 162, 163 
Dushman, 93 

Effective wave length, 161 
Emstein, 292 
Einstein's law, 292 
Electric waves 
see electromagnetic 
Electromagnetic 

induction, 2 
waves, 116, 134 
Electromagnetism, 1 
Electrometer, 200, 203 
Electron bombardmenr, S3 
Electrons, 48 
corpuscular, 197, 201 
photo, 168, 196 
recoil, 170, 196 
thermionic emission, 48, 69 
Electron volt, 47 

Electroscope, 129, 138, 192, 194,226,285 
Electrostatic 


generator, 255 
voltmeter, 33 

Emanation, radium, 234, 237 
Encigy 

and destruction of matter, 293 
and mass, 291, 298 
and X ray absorption, 213 
I Erythema 

I minimum perceptible, 128 

I threshold dose, 212 

I E-viton, 131 
I Exponential law, 143 

^ Pailla, 206, 224 
I Farad, U 
I Faraday, 2 
Faradic current, 20, 105 
pnmary, 105 
secondary, 105 
Fermi, 281 
Filament circuit, 70 
PiUers, 340 
Filtration 

andwavelength, 155, 172 175 
Finsen, 230 

Fission, of nuclei, 283, 298 
Fluorescence 
and cathode rays, 43 
and radium, 232 
and X rays, 136 
Fluorescent 
screen, 137 
X rays, 165, 167 
Flux, magnetic, 7 
Focal spot, 73, 82 
and wave length, 163 
Focusii^ 

X ray tube, 73 
Focus, line, 82 
Free air chamber, 202 
Frequency 

high, currents, 10, 105, 114 
Fnsch, 299 
Fulguration, 112 
Full wave rectification, 93, 96 
Fufsfenau InCenstmcCer, 191 

Galvanic, 105 
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Galvanism, 105 

Gamma radiation, 197, 227, 290 
Gamma rays, 197, 223, 227 
dosage, 235, 237 
m nuclear reactions, 290, 294 
Geiger Mueller counter, 230 
Generating voltmeter, 259 
Generator 
cascade, 253 
electrostatic, 255 
Van de Graaff, 255 
Goldhaber,291,294 
Goldstein, 54, 55 
Goltze, 82 
Graetz circuit, 96 
Gram roentgen, 214 
Grating diffraction, 121 
Gray, 280 
Gray, J A , 166 
Greenberg, 289 
Greinacher circuit, 100 
Grenz rays, 89 
Gnd 
bias 113 
Lysholm, 186 
of valve, 112 
Gross, 73 

Hahn, 298 

Half period of radon, 239 
Half value layer, 140, 156, 161 
Half wave rectification, 93, 96 
Hamilton, 280 
Hard tube, 66 
Hard x rays, 98, 139 
Harkins, 277 
Harmsen 56 
Hartley circuit, 115 
Heavy water, 64 
Henderson, 268 
Henry, 2 

Henry, meaning of, 8 
Hertz, 116 
Hevesy, 287, 288 

High frequency currents, 10, 105, 114 
damped, 106 
diathermy with, 110, 115 
primary Tesla, 109 


secondary Tesla, 111 
undamped, 114 
Homogeneous x ra>8, 143 
Hdnigschmidt, 245 
Hudson, 212. 213 
11 V L., 140, 156, 161 

Impedance, 8 

Indicators, radioactise, 287 
Indiictance, 6, 7, 19, 21, 103 
Induction coil, 18, 233 
Induction, electromagnetic, 2 
Inductive 
I circuit, 6 
reactance, 8 
Infrared, 124 
Insulation, 22 
Integral dose, 215 
Intensimetcr, Furstenau, I9I 
Intensity 
absolute, 189 
and voltage, 155, 252 
inverse square )aw, J89 
of magnetic field, 1 
ofx rays, 188, 189 
intennittent current, 26, 105 
Interrupter, 18 
lomiation, 39, 49 
and dosage, 192 
by collision, 50 

chamber, 193, 194, 197, 201, 203 
current, 192 

effect of X rays, 137, 168 
saturation current, 192 
Ionizing agent, 39 
Ions, 40, 50, 54, 193 
recombination of, 193 
Isodose curves, 211, 215 
Isotopes, 58, 61, 245 
tabic of, 306 
separation of, 61 

JtJiot, 277, 285, 295 
Jordan, 196 

K. wave lengths, 157, 167 
cnbcal absorption, 175 
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Porous barrier, 62 
Ports of entry, 210 
Positive rays, 54 
Positron, 283 
Potter, 184 

Potter Bocky diaphragm, J5J 
grid shadows, 184 
Power, A C , 12 
Power factor, 14 
Power rating, 23 
Primary 
circuit, 2, 18 
Tesla circuit, 109 
X rays, 165, 166, 168 
Protection 
neutron, 281 
radium, 249 
X ray, 81, 145 

Proton, 60, 61, 248, 275, 277 
bombardment, 27S 

Quality 

and H V L , 140 
and voltage, 139 
of X rays, 139, 188 
Quantum, 158 

(^imby, 162, 203, 206, 207, 208, 21 1 212, 
249, 289 

Kadiations 
from radium, 223 
Radioactive 
families, 244, 249 
indicators, 287 
Radioactivity 
artificial, 285 
discovery of, 222 
from piles, 303 
induced, 285 
Radioelemcncs, 287 
radio carbon, 287 
radiophosphorus, 286 
radiosodium, 286, 290 
Radiography 

and scattering, 182 
focal spot, 82, 163 
Radium, 222 
beam therapy, 234 


dosage, 235 
emanation, 234, 237 
famil), 244 
half period, 244 
m treatment, 229 
necdl^ 234 
protection, 249 
radiations from, 223 
strength of source, 234 
Radon, 234, 237 
decay of, 237 
Radon 

growth of, 240 
half period of, 240 
Ramsay, 242 
Rating 

of transformer, 23 
of X ray tube, 85, 97 
Ra>s 
alpha, 223 
beta, 223, 226 
canal, 54 

cathode, 39, 42, 45, 51, 67 
cosmic, 283 

erythema producing, 128, 130 
gamma, 223 
Grentt, 89 
positive, 54 
Roentgen, 51 
(see under x rays) 
Reactance 
inductive, 8 
capacitative, 10 
Read, 261, 280 
Recoil electrons, 170, 196 
Recombination of ions, 193 
Rectification, 24 
full wave, 96 
half wave, 93, 96 
self, 92 
Rectifier 

hot filament, 70, 93 
mechanical, 24, 26 
valve, 93 

Rccti^mg disc, 24, 27 
Rectifying valve, 24, 93 
Resonance, 111 
R H M unit, 245 
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RMS, meaning of, 6 
Roen^en, 136 
gamma ray unit, 235 
rays, (sec under x rays) 51, 136 
X ray unit, 194, 197 
Refers, 143 
Rcse, 239 
Ro)ds, 242 

Rutherford, 242, 247, 248, 277 
Rutherford (unit), 245 

Saturation 
tube current, 76 
ionization current, 192 
Santch, 298 
Scatter, back, 205 
Scattered x rays, 165, 166, 182, 206 
and recoil electrons, 170 
and radic^raphy, 182 
Scattering 

absorption coefficient, 181 
and diaphragms, 183 
back, 205 

of alpha ra) s, 224, 247 
Screen, fluorescent, 137 
Secondary 
beta rays, 229 
X rays, 165 

Secondary circuit, 2, 18 
Tesla, HI 

Seeman spectrograph, 35 
Selenium cell, 191 
Self rectification, 92 
Shockproof tubes, 87 
Sinusoidal current, 4 
Soddy, 58, 242 
Soft tube, 66 
Space charge, 76 
Spark^ap meter, 29, 258 
Spark length 
and voltage, 30 
Spectrograph 
mass, 57 
pnsm, 119 
Seeman, 35, 151 
X ray, lil 

Spectrometer, X-ray, 151 
Spectrum 


continuous, 120 
infrared, 124 
line, 120 
mass, 57 
t^tical, 119 
ultraviolet, 126 
Spinthariscope, 225 
Sputtenng, 67 
Stabilizer, voltage, 78, 80 
Statcoulomb, 46 
Statvolt, 47 

Scep-down transformer, 21, 72 
Step-up transformer, 22 
Stone, 280, 304 
Stout, 288, 289 
Strassrnam, 298 
Supcrvoltage, 252 
tubes, 252, 260, 262 
measurement of, 2S8 
Synchro-cyclotron, 270 
Synchronous motor, 25 

Target 
cooling of, 68 
of X ray tube, 66, 75 
water-cooled, 68 
Taylor, 196, 201 
TED, meaning of, 212 
Tesla, HI 
T«la Circuit 
primary, 109 
secondary. 111 
"niCTSpy 
Chaoul, 87 
gamma ray, 235 
neutron, 279 
radium beam, 234 
X ray, 205, 208 
Thermionic emission, 48 , 68 
Thimble 

ionization chamber, 194, 201 
Thomson, J J , 55, 57, 58 
Threhdd cry thema dose, 212 
Tissue dose, 20S 
Tt^erance dose, 210, 216 
Tracers, radioactive, 28? 
Transformations, radioactiie, 243 
Transformer, 20 
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Transformer, efficiency of, 22 
insulation of, 22 
power rating of, 23 
step^own, 21, 72 
step-up, 22 

Transmutation, 242, 247 
Treatment 
cross-fire, 210 
radium in, 234 
specifications, 219 
Tnode valve, 112 
Trump, 2S6, 258, 260, 262 
Tube ' 

blackening of, 67 
Chaoul, 87 
Coolidge, 70 

current control of, 66, 75 
gas X ray, 65 
Tube 
hard, 66 

hot filament, 70, 73 
low voltage, 89 
Machlett, 90,143 
massive anode, 85 
metalix, 81 
multisectfon type, 261 
Oil immersion, 87 
radiator, 85 
rating, 84, 97 
Roentgen, 65 
rotating anode, 84 
saturation current, 76 
self rectifying, 92 
shockproof, 87 
soft, 66 

supervoltage, 252, 260, 262 
water-cooled, 85 

Ultraviolet, 126, 127 
and vitamin D, IJ4 
germicidal effect, 132 
in medicine, 129 
Uranium, 222 
fission, 283, 298 
Urey, 59 

Valve 

amplification factor, 113 


characteristic curves of, 113 
diode, 70, 112 
rectifier, 93 
recufymg, 24, 93 
triode, 112 
with condensers, 99 
Van de Graaff, 2SS, 256, 258, 260, 262 
generator, 2SS 
VanderTuuk, 142 
Victoreen condenser meter, 203 
ViUard circuit, 102 
Vitamin D, 134 
Voltage 

and intensity, 155, 252 
and quality, 139 

and shortest wave length, 153, 175 
and spark length, 29, 30 
control of, 29, 35, 36 
h«h, 18, 20, 252 
measurement of, 29, 31, 33, 34 
peak, 23 
stabilizer, 78, 80 
super, 252 
Voltmeter 
electrostatic, 32, 33 
generating, 259 

Walton, 274 
Water, heavy, 60, 64 
Wave length 

and atomic number, 155 
and focal spot, 163 
I and ionization chambers, 201 

I and penetration, 155, 171, 175 

corresponding, 160 
I critical absorption, 171, 175 

effective, 161 
I K,L, andM, 157 

1 measurement of. 120, 149 

shortest, 153, 175 
Waves, electromagnetic, 116, 134 
I 3Vhjpple, 289 
I Wien, 54 
I Wilsey, 183 

I X>rays 

I ateorption of, 141, 165, 171, 190 

1 characteristic, 153, 165, 167 
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X rays 

discovery of, 136 
dosage, 188, 213 
fluorescent, 165, 167 
general, 1S3 
generation of, 51 
Grenz, 89, 140 
hard, 139, 140 
homogeneous, 143 
independent, 154 
intensity of, 188 
medium, 139 


modifled, 166 
pnmary, 165, 166, 168 
properties of, 136 
protection, 81, 144 
quality of, 139, 140, 188 
ntflccoon of, 149 
scatt^ed, 165, 166, 182,206 
secondary, 165 
soft, 139, 140 
superhard, 140 
unmodified, 166 
white, 154 



